
4 

NASA Contractor Report 1796 19 

Optical Strain Measurement System 
Development-Phase I 

{b;ASA-CE- I796 19) CESICAL SIJbEIb fiEISUREMEOT Ii ti 1- 2 29 60 
51STEd D E V E L C l B E L ! I ,  EBASE 1 l i & a l  Report 
(SwerdruF Iectnclcqy) 39 A v a i l :  BlTIS BC 
I I C 3 / B F  B C l  C S C L  IUB Unclas 

G3/35 0076843 

Christian T. Lant and Walid Qaqish 
Sverdrup Technology, Inc. 
Lewis Research Center 
Cleveland, Ohio 

May 1987 

Prepared for the 
Lewis Research Center 
Under Contract NAS3-24 105 

National Aeronautics and 
Space Administration 



OPTICAL STRAIN MEASUREMLNT SYSTEM DEVELOPMENT - PHASE I 

Christian T. Lant and Walid Qaqish 
Sverdrup Technology, Inc. 

Lewis Research Center 
Cleveland, Ohio 44135 

1.0. SUMMARY 

This contract has covered the first of a multiphase effort in developing 
an optical strain gauge capable of mapping i n  two dimensions the strain on the 
surface of a hot specimen. 
ponents prompted the need for such Instrumentation. 
first phase has been to provide a noncontact, one-dimensional, differential 
strain gauge for experimental purposes. 

Testing of the durability of propulsion system com- 
The objective of this 

lhe optical strain measurement system that has been developed in this 
phase-one effort is based on the technique introduced by Ichirou Yamaguchi 
(ref. 1). The displacement of speckle patterns generated by a test specimen 
subject to stress Is directly proportional to surface strain. The use of two 
symmetrically incident laser beams allows automatic cancellation of speckle 
translation terms due to rigid body motion. The resolution of the optical 
system is 16 microstrain in the present configuration, and strain has success- 

m fully been measured up to a specimen temperature of 450 O C ,  i n  an open air 
P-2 environment. The upper temperature limit is determined by dynamic refractive 
w gradients in the air between the specimen and the sensor. The strain measure- 

ment error is f18 microstrain k0.3 percent of the strain reading. 

0 
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Measurement procedures of the system are controlled by an operator through 
the terminal of a microcomputer. The data input to the computer conslsts of 
unshifted (reference) speckle patterns and shifted speckle patterns from a 
linear photodiode array, positional information of the test specimen from an 
area photodiode array, temperature readings, stress values, and strain measured 
from conventional resistance strain gauges mounted on the specimen. The area 
photodiode array monitors the location of the laser spots on the specimen, 
which is the gauge position. The gauge position can be changed by using motor- 
ized mirror mounts interfaced to the computer to relocate the laser spots to a 
new location on the specimen. The area array is also used to store a "snap- 
shot" of the test specimen and the laser spot position so that there is a 
graphlc record of the location of each strain data point. 

2.0 INTRODUCTION 

2.1 Task Identification 

Investigations of physical phenomena affecting the durability of space 
shuttle main engine (SSME) components require the development of measurement 
systems operable i n  hostile environments. The need for such instrumentation 
defined this program to develop a noncontact optical strain measurement system 
for these investigations. 



lhis final report covers the task entitled the Optical Strain Measurement 
System Development. Sverdrup Technology, Inc. is developing this optical 
strain measurement system in the NASA Lewis Research Center's Instrument 
Research Laboratory. This task is the first of a multiphase effort to estab- 
lish an in-house R&D capability of optical strajn measurement, which will be 
used to map in two djmenslons the strain field on the surface of a hot speci- 
men. This first phase Is to provide a noncontact, one-dimensjonal optical 
strain gauge for experimental purposes. 

2.2 Background 

lhe design of the optical strain gauge i s  based on the speckle shift 
method of Ichirou Yamaguchi (ref. 1) at the Institute of Physical and Chemical 
Research, Japan. Laser speckle is a phase effect caused by the diffuse reflec- 
tion of spatially coherent light o f f  of a rough surface. InterferencR of the 
l!ght reflected off a specimen results In a light and dark intensity.distribu- 
tion at the sensor. Yamaguchi's noncontact method o f  medsuring differential 
(i.e., not absolute) surface strain makes use of speckle displacement detected 
by cross-correlating electrical signals from a linear photodiode array. The 
speckle displacement due to stress on the test specimen is directly propor- 
tional to the associated strain. Use of this method eliminates problems 
usually caused by subjectlng measurement devlces to hostile environments such 
as extreme temperatures, and high electromagnetic fields; the sensor need not 
be in the same envlronment as the specimen. In addition, Yamaguchi's method 
has the advantages over other optical strain measurement techniques (refs. 2 
and 3 )  of not only being noncontacting, but needing no surface preparation, 
automatically correctlng for strain error due to rigid body motion, and giving 
quasi-real time results (the value of strain is calculated within seconds of 
taking the data). Although Stetson's speckle photogrammetry technique records 
In detail the encoded strain distributlon over a surface, extensive post- 
processing is requlred to extract the strain data. Sharpe's interferometric 
technique requires the surface to be prepared with reflective indentations, 
limiting its mapping flexibility. 

2 . 3  Objectives 

Although Yamaguchi's technique was chosen to adapt to the Optical Strain 
Measurement System, very little specific data was available as to this strain 
measurement technique's range of applications. Questions pertaining to its 
maximum effective open air temperature limit, the typical range of error intro- 
duced by out-of-plane displacement, and its adaptability toward automation in 
a test facility environment needed to be answered. This experiment as a whole 
was designed to answer these questions and obtain first-hand knowledge of the 
strong and weak polnts of Yamaguchi's speckle strain technique, with satisfac- 
tlon of the SSME durability needs being the long-range goal. 

2 . 4  General Procedures 

lesting of the system consisted primarily of measuring stress-straln rela- 
tlons o f  flat speclmens of Inconel 600 at different temperatures. A t  various 
temperature set points the speclmens were stepped throtigh a range o f  tensile 
loads, whlle the strain was measured optically and also b y  conventlonal 
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resistance strain gauges. The resulting stress-strain data were compared to 
published and measured values of the moduli of elasticity to determine the 
accuracy of the instrument. Thermal strain was also measured by the optical 
system. 

3 . 0  THEORY 

3 . 1  Speckle Shift Relations 

The utilization of laser speckle to determine differential strain is 
achieved by applying the Fresnel-Kirchhoff diffraction integral describing the 
propagation of light in free space. This integral is an approximation of the 
more rigorous Helmholtz-Klrchhoff theorem stemming from the wave equation for 
light. The Fresnel-Kirchhoff equation then is used to derive the relationship 
between surface deformation of a specimen subject to loading and speckle djs- 
placement in the diffraction field (refs. 1 and 4 ) .  The speckle displacement 
contains terms of translation, rotation, and strain, from which the strain term 
must be extracted. This extraction reljes on the use of two symmetrically 
placed laser beams reflected sequentially onto a linear photodiode array 
located parallel to the specimen surface. After the reference (before-strain) 
and shifted (after-strain) speckle patterns from each beam are correlated, the 
difference in speckle shift between them is taken leaving only the component 
due to surface strain (ref. 1 ) .  

Referring to the general coordinate system shown in figure 1 ,  a laser beam 
is incident on the diffuse surface of a test specimen at an angle to the sur- 
face. The observation plane is the X,Y plane, and the object plane i s  the 
lowercase x,y plane. The center of the incident laser spot is at the origin 
0 of the x,y plane. When the object is stressed and deformed, the object 
point r(x,y) is displaced by a(x,y). The unit vector in the directions of 
the center of curvature S of the incident wavefront and the observation point 
Q are denoted by Qs(Qsx,Qsy,Qsz) and Q(Qx,Qy,Q,), respectively, directed 
away from the origin 0. The radius of curvature of the wavefront Is denoted 
L s .  The speckle displacement A is broken down into components in the X , Y  
plane, given by 

A -. - a x  [E (Qs: - 1) + Qx- 2 I ]  - a QsxQs + Q Q ] - az [E QsxQsz + QxQz] 
X Y L s  Y X Y  

- Lo [ c x X ( l s x  + Qx) + exY(Qsy + Qy) - Qy(QSz + Qz) + Qz(Qsy gy)] (la) 

- 
['yy(Qsy + ") + cxy( Qs x + Q x) - R x( Qs 2 + QZ) - Q Z p x  + Qx)] (1b) 

- -  
where a, R ,  and [ Z ]  are the translation vector, the rotation vector, and the 
strain tensor, respectively, defined as follows, assuming plane strain: 
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t xy = t  y x  -q(>)o+(>)J - 2 (4c  ,d) 

The t h e o r y  i n t e r p r e t i n g  t h e  speck le d isp lacement  i n  t h e  o b s e r v a t i o n  p lane  
i s  based on t h e  assumption t h a t  t h e  i l l u m i n a t e d  r e g i o n  o f  t h e  specimen i s  homo- 
geneous. I t  i s  t h l s  r e g i o n  t h a t  a c t s  as a random d i f f r a c t i o n  g r a t i n g ,  thus f o r  
speck le  s h i f t  t o  a c c u r a t e l y  r e p r e s e n t  s t r a i n  r e q u i r e s  t h a t  t h e  change i n  t h e  
su r face  roughness spacing be un i fo rm.  T h i s  proved t o  be t h e  case i n  t h e  exper-  
i m e n t a t i o n  w i t h i n  the e l a s t i c  l i m l t  o f  t h e  t e s t  specimen, as observed i n  t h e  
s t a b i l i t y  o f  t h e  speckle p a t t e r n s  and t h e  agreement o f  t h e  r e s u l t s  w i t h  known 
q u a n t i t i e s .  

The c o n f i g u r a t i o n  shown i n  f i g u r e  2 has two s y m m e t r i c a l l y  inci'd'e'nli beams., 
and s i m p l i f i e s  t h e  equat ions f o r  speck le d isp lacement  th rough  t h e  f o l l o w i n g  
o r i e n t a t i o n s :  t h e  a x i s  o f  t h e  l i n e a r  photodiode a r r a y  i s  i n  t h e  p l a n e  o f  i n c i -  
dence, namely t h e  x , z  
l a s e r  spot l o c a t i o n .  
cos e,) and Q = ( O , O , l ) .  
Ls i s  much g r e a t e r  t han  t h e  sensor d i s t a n c e  Lo, and Lo i s  much g r e a t e r  t han  
t h e  spot  s i z e  w o f  t h e  i n c i d e n t  beam. For each beam, equa t ions  ( 1 )  now 
reduce t o  

p lane ,  and p a r a l l e l  t o  t h e  speclmen s u r f a c e  a t  t h e  

I n  a d d i t i o n ,  t h e  i n c i d e n t  r a d i u s  o f  c u r v a t u r e  
The p o s i t i o n  v e c t o r s  now become Q s  = ( s i n  e,, 0, 

--L 

A X  = ax - s i n  es - Qy(cos es + l )] 

s i n  es - Qx(cos 8, + 1 )  - a, s i n  e,] 

( 5 a )  

( 5 b )  A y  = ay - 

A s  l o n g  as the d isp lacement  A y  i s  much s m a l l e r  t han  t h e  sum o f  t h e  
sensor h e i g h t  and t h e  " t y p i c a l "  speck le s i z e  on t h e  sensor (Goodman g i v e s  t h e  
t y p i c a l  speck le s i ze  t o  be 1.22 A Lo/w, which a l s o  corresponds t o  t h e  upper 
l i m i t  o f  t h e  power s p e c t r a l  d e n s i t y  of t h e  speck le  i n t e n s i t y  d i s t r i b u t l o n ,  
i . e . ,  t h e  mlnimum speck le s i z e  ( r e f .  5 ) ) .  A X  can be determined by c r o s s -  
c o r r e l a t i n g  t h e  sensor s i g n a l s  b e f o r e  and a f t e r  s u r f a c e  de fo rma t ion .  
t i o n  component i n  A X  can be c a n c e l l e d  o u t  by t a k i n g  t h e  d i f f e r e n c e  

equa t ion  ( s a )  

The r o t a -  

between speck le  splacements f r o m  t h e  two beams a t  es and -es. From 

AA = A ( e  ) - A ( -0  ) = - 2 L 0 c  s i n  e ( 6 )  
xx x x s  x s  

o r  f i n a l l y ,  

- A A X  
E =  x x  ____- ~ L O  s i n  e 

( 7 )  

l h e  s t r a l n  i n  t h e  x d i r e c t i o n  can now be so l ved  f o r  by 
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( 1 )  Knowing t h e  geometry o f  the beam/sensor arrangement 

Y 

( 2 )  S u b s t i t u t i n g  i n  t h e  d i f f e r e n t i a l  speck le d isp lacement  AAx o b t a i n e d  
f r o m  t h e  c r o s s - c o r r e l a t i o n  opera t ions  

3.2 C r o s s - C o r r e l a t i o n  

l h e  d isp lacement  o f  t he  speckle p a t t e r n s  due t o  the s t r a i n  on t h e  specimen 
su r face  must be ob ta ined f rom a c r o s s - - c o r r e l a t i o n  f u n c t i o n .  The system f i r s t  
acqu i res  f o u r  speck le  pa t te rns - - two  r e f e r e n c e  p a t t e r n s  (+es) obta ined 
b e f o r e  a p p l y i n g  a load t o  the  speclmen, and two p a t t e r n s  (+es) s h i f t e d  due 
t o  s t r a i n .  The mean values o f  each of t h e  speck le p a t t e r n s  a r e  c a l c u l a t e d  and 
sub t rac ted  f r o m  each sample point  be fo re  t h e  c o r r e l a t i o n  i s  performed-. The 
c o r r e l a t i o n  a l g o r i t h m  then, i n  e f f e c t ,  o v e r l a y s  t h e  s h i f t e d  speck le p a t t e r n  
on to  t h e  re fe rence  p a t t e r n  and var ies  t h e  r e l a t i v e  p o s i t i o n s  u n t i l  a maximum 
i n  t h e  c o r r e l a t i o n  f u n c t i o n  i n d i c a t e s  t h e  proper  amount o f  s h i f t .  Th is  
var ia t ion- f rom-the-mean techn ique o f  removing a dc o f f s e t  f rom t h e  da ta  b e f o r e  
t h e  c o r r e l a t i o n  i s  performed lncreases t h e  v i s i b i l i t y  o f  t h e  peak p o s i t i o n  o f  
t h e  c o r r e l a t i o n  f u n c t i o n .  C r o s s - c o r r e l a t i o n  i s  g i ven  by t h e  f o l l o w i n g  
i n t e g r a l  : 

x 
R(AX) = f ( X )  g(X t AX) dX 

where f ( X )  i s  t h e  v a r i a t i o n  f r o m t h e  mean o f  t h e  r e f e r e n c e  speck le p a t t e r n ,  
g(X + AX)  i s  t h e  v a r i a t i o n  f r o m  the mean o f  t h e  s h i f t e d  speck le p a t t e r n ,  and 
A X  i s  t h e  amount o f  s h i f t .  Th is  i n t e g r a l  i s  computed repea ted ly  f o r  i nc reas -  
i n g  va lues o f  AX; t he  va lue  o f  AX f o r  which R i s  a maximum i s  t h e  amount 
o f  s h i f t  AX between t h e  speck le p a t t e r n s .  

The c o r r e l a t i o n  r o u t i n e  i s  performed f o r  t h e  re fe rence  and t h e  s h i f t e d  
speck le  p a t t e r n s  f r o m  t h e  l e f t  i n c i d e n t  beam, and aga in  f o r  t h e  re fe rence  and 
t h e  s h i f t e d  p a t t e r n s  f rom t h e  r i g h t  i n c i d e n t  beam. A 750 d i o d e  c r o s s - s e c t i o n  
o f  each speckle. p a t t e r n  i s  used I n  o rde r  t o  min imize  t h e  execu t ion  t i m e  o f  t h e  
measurement. The d i f f e r e n c e  between t h e  va lues o f  A X  f rom t h e  l e f t  and 
r i g h t  c o r r e l a t i o n s  (AAx)  i s  then  used i n  t h e  s t r a i n  equat ion  ( 5 )  t o  c a l c u l a t e  
t h e  su r face  s t r a i n .  

A t y p i c a l  p a i r  o f  speck le pa t te rns  ( r e f e r e n c e  and s h i f t e d )  i s  shown i n  
f i g u r e  3, and t h e t r  c r o s s - c o r r e l a t i o n  f u n c t i o n  i s  shown i n  f i g u r e  4. T h e  s h i f t  
between t h e  speck le p a t t e r n s  was induced by a 13.8 MPa ( 2  k s i )  load .  The s h i f t  
AX was c a l c u l a t e d  t o  t h e  seven diodes (105 pm), corresponding t o  65 m i c r o -  
s t r a i n  on the  specimen a f t e r  r i g i d  body s h i f t  was cance l l ed  ou t .  The c o r r e l a -  
t i o n  curve  was n o t  normal ized,  due t o  t h e  inc reased e x e c u t i o n  t j m e  i n v o l v e d .  

4 . 0  MEASUREMENT SYSTEM DESIGN AND SETUP 

4.1 System Design 

l h e  system i s  designed t o  run  predominant ly  under computer c o n t r o l ,  w i t h  
the  o p e r a t o r  s e l e c t i n g  procedures f rom menus on t h e  C R T .  A schematic o f  t h e  
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o p t i c a l  r e t u p  i s  depic ted i n  f i g u r e  5 .  l h e  l a s e r  and beam s t e e r i n g  equipment 
a r e  mounted on a hard-coupled o p t i c a l  t a b l e  ( t h i s  n o n i n t e r f e r o m e t r i c  t echn ique  
does n o t  r e q u i r e  v i b r a t i o n  i s o l a t i o n ) .  Two v a r i a b l e  b e a m s p l i t t e r s  a r e  used t o  
c r e a t e  t h r e e  beam paths, each beam swi tched by an acous to -op t i c  modu la to r .  A 
l i n e  scan camera records t h e  speck le p a t t e r n s  generated by t h e  l e f t  and r i g h t  
beams, and an area a r r a y  camera a l l o w s  t h e  t e s t  s e c t i o n  and gauge p o s i t i o n  t o  
be mon i to red  remote ly .  The cameras, modulators ,  and t h e  mo to r i zed  m i r r o r  
mounts a r e  remote ly  c o n t r o l l e d .  l h e  t e s t i n g  machine and i n d u c t i o n  hea te r  a r e  
mounted on a h y d r a u l i c  l i f t  t a b l e  t o  p r o v i d e  p o s i t i o n i n g  f l e x i b i l i t y  r e l a t i v e  
t o  t h e  o p t i c s .  An expanded beam p r o v i d e s  i l l u m i n a t i o n  f o r  t h e  area a r r a y  
camera. 

l h e  t e s t  specimens a r e  made f rom I n c o n e l  600 s tock ,  s i n c e  t h i s  i s  an 
engine component a l l o y  used f o r  h i g h  temperature a p p l i c a t i o n s .  Another c r i t e -  
r i o n  f o r  m a t e r i a l  s e l e c t i o n  was t h a t  t h e  m a t e r i a l  would r e a c t  I n  a documented 
and p r e d i c t a b l e  manner th roughou t  t h e  range o f  e x p e r i m e n t a t i o n  o f  t h e  measure- 
ment system. 

The c o n t r o l  and d a t a  paths a r e  shown I n  f i g u r e  6. The system c o n t r o l l e r  
i n i t i a t e s  procedures through t h r e e  main components, t hese  b e i n g  t h e  da ta  a c q u i -  
s i t i o n / c o n t r o l  u n i t  ( D A Q ) ,  and two p u l s e  genera to rs .  The d a t a  a c q u i s i t i o n /  
c o n t r o l  u n i t  ou tpu ts  c o n t r o l  s i g n a l s  t o  t h e  custom c i r c u i t r y  used f o r  exposing 
and r e a d i n g  t h e  l i n e a r  and area a r r a y  cameras; t hese  c i r c u i t s  synchronize t h e  
p u l s e  genera to rs  w i t h  the  a r r a y  cameras, t r i g g e r i n g  t h e  p u l s e  genera to rs  t o  ' 

o u t p u t  T1L exposure pulses t o  t h e  a c o u s t o - o p t i c  modulator  RF genera to rs .  The 
t r i g g e r e d  o u t p u t s  o f  t h e  p u l s e  genera to rs  s w i t c h i n g  on and o f f  t h e  beam- 
d e f l e c t i n g  modulators a c t  as h i g h  speed programmable s h u t t e r s .  The DAQ I s  a l s o  
used t o  read t h e  vo l tages f rom thermocouples, r e s i s t a n c e  s t r a i n  gauges on t h e  
specimen, and a load c e l l .  H igher  temperatures a r e  a l s o  measured by t h e  i n f r a -  
red  pyrometer which, i n  a d d i t i o n ,  p r o v i d e s  P I D  c o n t r o l  o f  t h e  i n d u c t i o n  h e a t e r  
t h rough  a c u r r e n t  c o n t r o l  l i n e .  Th is  a l l o w s  p r e c i s e  c o n t r o l  o f  t h e  specimen 
temperature a t  t h e  gauge p o s i t i o n .  

A f t e r  exposing the l i n e a r  a r r a y  t h e  speck le d a t a  i s  read i n t o  a waveform 
r e c o r d e r  I n  asynchronous mode, d i g i t i z e d  t o  10 b i t s ,  and then  t r a n s f e r r e d  v i a  
D i r e c t  Memory Access (DMA)  t o  a b u f f e r  i n  t h e  system c o n t r o l l e r .  When a 
p a t t e r n  each f r o m  the l e f t  beam and t h e  r i g h t  beam a r e  s t o r e d  t h e  c o r r e l a t l o n  
i s  performed a g a i n s t  t h e  r e f e r e n c e  p a t t e r n s  s t o r e d  a t  a d i f f e r e n t  l o a d  s e t t i n g ,  
and t h e  c a l c u l a t e d  s t r a i n  va lue  i s  w r i t t e n  t o  a c h a r a c t e r  d a t a  a r r a y .  S t r a i n  
va lues a r e  computed over a range o f  loads,  t h e  c o l l e c t i o n  o f  which comprises a 
"da ta  r u n "  o r  " r u n . "  The r u n  i s  t hen  s t o r e d  on a hard d i s c  ("mass s to rage  
u n i t " ) ,  i n  a f i l e .  

From these data runs one can determine t h e  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  
o f  t h e  m a t e r i a l  ( i n  p a r t i c u l a r ,  t h e  modulus o f  e l a s t i c i t y ) ,  and t h e  accuracy 
o f  t h e  da ta .  Comparisons a r e  made g r a p h i c a l l y  between a s e t  o f  o p t i c a l  gauge 
da ta  and a s e t  of gauge readings f r o m  a s tandard r e s i s t a n c e  s t r a i n  gauge. 
P l o t s  o f  t h e  d a t a  may be generated on t h e  C R T  and t r a n s f e r r e d  t o  t h e  thermal  
p r i n t e r ,  o r  a c o l o r  hard copy may be p l o t t e d  on t h e  s ix-pen p l o t t e r .  

4 . 2  Equipment Components and Opera t i on  

The equlpment needed t o  c o n s t r u c t  t h i s  exper imen ta l  setup i n c l u d e s  o p t i c a l  
components, t e s t i n g  equipment and specimens, and a computer system. 
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l h e  o p t l c a l  equipment c o n s i s t s  o f :  

4 W Argon- ion l a s e r  
Acousto-opt ic  modulators 
Mo to r i zed  m i r r o r  mounts 
2048 element l i n e a r  photodiode a r r a y  camera 
128 by 128 element area photodiode a r r a y  camera 
O p t i c a l  t a b l e  
I n f r a r e d  pyrometer 
Assor ted o p t i c s  

l h e  t e s t i n g  equipment i nc ludes :  

- H o r i z o n t a l  s t r e s s  f a t i g u e  t e s t i n g  machine 
- 2.5 kW i n d u c t i o n  heater  genera to r  
- H y d r a u l i c  l i f t  t a b l e  
- Test specimens 

The computer system used i s  comprised o f  a Hewlet t -Packard 236CU c o n t r o l -  
l e r ,  w i t h  t h e  f o l l o w i n g  p e r i p h e r a l s :  

65.7 Mbyte d i s c / t a p e  d r i v e  
Data a c q u i s i t i o n / c o n t r o l  u n i t  (DAQ) 
Extender f o r  t h e  DAQ 
Bus expander 
Waveform r e c o r d e r  
P r o g r a m a b l e  p u l s e / f u n c t i o n  genera to rs  
Thermal p r i n t e r  
P l o t t e r  

The custom e l e c t r o n i c s  inc luded:  

- L i n e a r  and area camera exposure and c o n t r o l  c i r c u i t r y  
- D r i v e r / r e c e i v e r  i n t e r f a c e  c i r c u i t r y  

For a l i s t i n g  o f  equipment model numbers, r e f e r  t o  appendix A. D e t a i l s  
o f  t h e  custom camera c o n t r o l  c i r c u i t r y  can be found i n  appendix 6 .  A b r i e f  
d e s c r i p t i o n  o f  t h e  equipment components and t h e i r  o p e r a t i o n  i s  o u t l i n e d  below. 

4.2.1 O p t i c a l  equipment. - The o p t i c a l  equipment c o n s i s t s  o f  a l l  compo- 
nents  d e a l i n g  w i t h  t h e  p ropaga t ion  and d e t e c t i o n  o f  t h e  l a s e r  l i g h t .  The com- 
ponents a r e  desc r ibed  i n  t h e  f o l l o w i n g  s e c t i o n s .  F i g u r e  7 i s  a v iew o f  t h e  
o p t i c a l  system. 

Laser:  The l i g h t  source f o r  the exper iment  i s  an Argon i o n  continuous-wave 
l a s e r ,  w i t h  a 2 W o u t p u t  a t  t h e  514.5 nm wavelength.  An Argon l a s e r  was chosen 
f o r  i t s  h i g h  power o u t p u t  i n  order  t h a t  s h o r t  exposure t imes  can be used f o r  
t h e  photodiode a r r a y s ,  even when a h i g h l y  abso rb ing  specimen i s  be ing  used; 
t h i s  i nc reases  t h e  s i g n a l  t o  no i se  r a t i o ,  a l l o w i n g  f o r  a more c o n f i d e n t  c o r r e -  
l a t i o n  peak. 

The maximum power o u t p u t  o f  the 514.5 nm l i n e  v a r i e s  between 1 .5  t o  2.5 W.  
The l i g h t  c o n t r o l  i s  u s u a l l y  s e t  f o r  2.0 W t o  p r o v i d e  a s t a b l e  o u t p u t  beam. 
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l h e  beam i s  d i r e c t e d  l n t o  t h r e e  l egs  u s i n g  h i g h  power b e a m s p l i t t e r s  and 
heamsteerers.  l w o  o f  t h e  legs a r e  used t o  generate t h e  speck le  p a t t e r n s  f rom 
which t h e  s t r a i n  values a r e  r e t r i e v e d ,  and t h e  t h i r d  beam i s  expanded t o  i l l u -  
m ina te  t h e  t e s t  sec t i on  f o r  v iew ing  on t h e  m o n i t o r .  The power s p l i t  i s  
40 percen t  f o r  each of  t h e  speck le,  o r  " l i n e a r "  beams, and 20 p e r c e n t  f o r  t h e  
expanded "area"  beam. 

The gauge leng th  o f  t h i s  speck le  s h i f t  t echn ique  i s  determined by t h e  spo t  
d iameter  o f  t h e  l i n e a r  beams on t h e  specimen. T h i s  spo t  d iameter  i s  a f u n c t i o n  
o f  t h e  o p t i c a l  resonator  and t h e  d i s t a n c e  f rom t h e  beam w a i s t .  
i n  t h i s  exper iment g i v e s  a spo t  s i z e  w,  o r  gauge l e n g t h ,  o f  5 mm. 

The setup used 

Acousto o p t i c  modulators :  The acous to -op t i c  modulators  (AOM's) a r e  Bragg 
c e l l s  used t o  d e f l e c t  t h e  l a s e r  beams o n t o  t h e  s u r f a c e  o f  t h e  specimen. There.. 
a r e  t h r e e  modulators--one f o r  each o f  t h e  two beams used t o  produce t h e  speck le 
p a t t e r n s ,  and a t h i r d  t o  c o n t r o l  t h e  exposure o f  t h e  t e s t  s e c t i o n  by t h e  i l l u -  
m i n a t i o n  beam. 

Each modulator has i t s  own c o n t r o l l e r ,  which p r o v i d e s  a 40 MHz s i g n a l  
g e n e r a t j n g  acous t i c  waves i n  t h e  modulator  c r y s t a l .  The 40 MHz s i g n a l s  a r e  
swi tched by 50 R TTL pulses sen t  t o  t h e  c o n t r o l l e r s .  These TTL pu lses  a r e  
generated by p u l s e / f u n c t i o n  genera to rs ,  whose o u t p u t s  a r e  gated t o  each AOM 
c o n t r o l l e r  s e q u e n t i a l l y .  The gates a r e  enabled by c o n t r o l  i n p u t s  sen t  by t h e  
da ta  a c q u i s i t i o n  u n i t ,  as d i r e c t e d  by t h e  computer. 

The z e r o t h  order beam f rom each Bragg c e l l  i s  t e r m i n a t e d  by a beam s top  
i n  between exposures, and t h e  f i r s t  o rde r  maximum d u r i n g  d e f l e c t i o n  i s  t h e  
exposure beam. 

Mo to r i zed  m i r r o r  mounts: Wh i le  t h e  dual  beam system I s  e f f e c t l v e  f o r  sepa- 
r a t i n g  s t r a i n  from r i g i d  body mot ion,  i t  i s  e s s e n t i a l  t h a t  t h e  l a s e r  spots 
remain l o c a t e d  a t  t h e i r  i n i t i a l  p o s i t i o n s  on t h e  speclmen th roughou t  t h e  meas- 
urement. The motor lzed mounts a r e  f o r  p o s i t i o n i n g  t h e  two speck le-producing 
l a s e r  beams t o  the same p o i n t  on t h e  specimen, and f o r  moving t h e  beams t o  new 
s t r a i n  measurement r e g l o n s .  These mo to r i zed  mounts p r c v i d e  independent r o t a -  
t i o n a l  c o n t r o l  o f  t h e  m i r r o r s  about two o r thogona l  axes, so each beam can be 
d e f l e c t e d  h o r i z o n t a l l y  and v e r t l c a l l y .  Each a x l s  has a separa te  c o n t r o l l e r  
t h a t  i s  operated d i g i t a l l y  f rom t h e  da ta  a c q u i s i t i o n / c o n t r o l  u n i t .  The s i g n a l s  
a r e  c o n t r o l l e d  remotely by t h e  opera to r  f rom t h e  computer keyboard,  which 
d i r e c t s  an ac tua to r  c a r d  i n  t h e  da ta  a c q u i s i t i o n  u n i t  t o  o u t p u t  t h e  proper  com- 
b i n a t i o n  o f  c o n t r o l  s i g n a l s .  D i f f e r e n t i a l  l i n e  d r i v e r s  send these s i g n a l s  
across t h e  l abo ra to ry ,  where they a r e  conver ted t o  TTL  l e v e l s  f o r  d i r e c t  i n p u t  
t o  t h e  m i r r o r  c o n t r o l l e r  edge c a r d  connectors .  

Photodiode arrays:  There a r e  two photodiode a r r a y  cameras i n  t h e  system-- 
a 2048 element l i n e a r  a r r a y  ( o r  l i n e  scan) camera and a 128 by 128 element 
m a t r i x  ( o r  a rea )  a r ray  camera. The l i n e a r  a r r a y  i s  t h e  one used t o  read t h e  
speck le p a t t e r n s  generated by t h e  specimen, and t h e  a rea  a r r a y  p r o v i d e s  a p l c -  
t u r e  o f  t h e  specimen and t h e  measurement p o i n t  f o r  t h e  o p e r a t o r  a t  t h e  computer 
t e r m i n a l .  Th i s  p i c t u r e  i s  used I n  c o n j u n c t i o n  w i t h  t h e  mo to r i zed  m i r r o r  mounts 
t o  p o s i t i o n  t h e  laser  spots  on t h e  specimen. 

l h e  l i n e a r  a r ray  has a 15 pm p i t c h  between d iode  c e n t e r s ,  and a d iode  
h e i g h t  o f  16 pm. l h e  c e n t e r - t o - c e n t e r  spacing of  t h e  a rea  m a t r i x  a r r a y  e l e -  
ments i s  60 pm. l h e  l i n e  scan camera uses a c l e a r  g l a s s  window i n  f r o n t  o f  t h e  
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a r r a y  elements f o r  p r o t e c t i o n ,  and an i n t e r f e r e n c e  f i l t e r  t o  a t t e n u a t e  a l l  
wavelengths b u t  t h e  514.5 nm l a s e r  l i n e .  The area a r r a y  camera i s  used w i t h  a 
t e l e p h o t o  l ens  t o  image and magnify t h e  t e s t  s e c t i o n .  

Both a r r a y s  a r e  housed i n  e l e c t r o n i c  cameras, each w i t h  a c o n t r o l l e r  t h a t  
i s  i n t e r f a c e d  t o  t h e  d a t a  a c q u i s i t i o n  system by a custom exposure c o n t r o l  c i r -  
c u i t .  The l i n e  scan camera i s  c o n t r o l l e d  under e x t e r n a l  s t a r t  mode and b o t h  
cameras a r e  s e l f - s c a n n i n g  u s i n g  t h e i r  i n t e r n a l  c l o c k s ,  each r u n n i n g  a t  about  
1 MHz. The i n t e g r a t i o n  t i m e  f o r  the d iodes depends on t h e  exposure c o n t r o l  
c i r c u i t r y ,  b u t  I s  a u t o m a t i c a l l y  l i m i t e d  t o  a maximum o f  40 ms. The analog 
d i o d e  v o l t a g e  l e v e l s  a r e  t r a n s m i t t e d  over  c o a x i a l  l i n e s  t o  t h e  waveform 
r e c o r d e r  i n  synchronous mode, whereupon t h e  waveform r e c o r d e r  d i g i t i z e s  t h e  
s i g n a l s  and t r a n s m i t s  them v i a  a G P I O  d a t a  bus t o  a b u f f e r  i n  t h e  computer. 

I n f r a r e d  pryometer:  An I R  pyrometer p r o v i d e s  a l o c a l  temperature r e a d i n g  
o f  t h e  speclmen, and i s  i n  keeping w i t h  t h e  n o n c o n t a c t i n g  ph i l osophy  o f  t h e  
system. The pyrometer uses blackbody s t a t i s t i c s  r e l a t i n g  r a d i a t i o n  emiss ion 
l e v e l s  t o  temperature,  and i s  s e n s i t i v e  around t h e  2 pm wavelength.  I t s  tem- 
p e r a t u r e  range i s  f r o m  350 t o  800 "C. A t h r e e  mode c o n t r o l l e r  i s  i n c o r p o r a t e d  
i n t o  t h e  u n i t ,  and c o n t r o l s  t h e  power o u t p u t  o f  t h e  i n d u c t f o n  h e a t e r  used t o  
hea t  t h e  specimen. A BCD o u t p u t  o f  t h e  py romete r ' s  t empera tu re  r e a d i n g  i s  
t r a n s m i t t e d  t o  t h e  da ta  a c q u i s i t i o n  u n i t ' s  d i g i t a l  i n p u t  card,  and en te red  i n t o  
t h e  computer f o r  s to rage  i n  t h e  data a r r a y .  

Assor ted o p t i c s :  Other o p t l c a l  components i n c l u d e  v a r i a b l e  p o l a r i z i n g  
b e a m s p l i t t e r s ,  i n t e r f e r e n c e  f i l t e r s  ( o p t i m i z e d  a t  514.5 nm), beamsteerers and 
m i r r o r s ,  t r a n s l a t i o n  and r o t a t i o n a l  stages, an o p t i c a l  t a b l e ,  and a beam 
expander / co l l ima to r .  O p t i c a l  coa t i ngs  and t h e r m a l l y  s t a b l e  s u b s t r a t e s  s u i t a b l e  
f o r  h i g h  power l a s e r  a p p l i c a t i o n s  were used where necessary.  

F i g u r e  8 shows t h e  camera c o n t r o l l e r s ,  t h e  I R  pyrometer  c o n t r o l l e r ,  
a c o u s t o - o p t i c  modulator  R F  generators ,  and a mo to r i zed  m i r r o r  mount c o n t r o l l e r .  
A l so  seen i n  f i g u r e  8 i s  a manual beam s w i t c h i n g  panel  connected t o  t h e  modu- 
l a t o r  RF genera to rs .  

4.2.2 Tes t  equipment and specimens. - F i g u r e  9 i s  a v iew o f  t h e  t e s t  
system, comprised o f  a t e s t i n g  machine, RF i n d u c t i o n  h e a t e r ,  and specimens, a l l  
mounted on a h y d r a u l i c  l i f t  t a b l e .  

H o r i z o n t a l  f a t i g u e  t e s t i n g  machine: The d i r e c t  s t r e s s  f a t i g u e  machine was 
used f o r  s t a t i c  l o a d i n g  o n l y .  A handcrank was p r o v i d e d  f o r  p r e l o a d i n g  t h e  
specimen, and a l o a d  arm connected t o  a n . e c c e n t r i c  c rank  was used t o  va ry  t h e  
l o a d  s t a t i c a l l y  d u r i n g  t e s t i n g .  A h o r i z o n t a l  c o n f i g u r a t i o n  was used i n  o r d e r  
t o  s i m p l i f y  t h e  o p t i c a l  setup.  

l h e  t e s t  specimen was h e l d  by c l e v i s  g r i p s  a t t a c h e d  t o  wa te r -coo led  exten-  
s ions ,  i n  o rde r  t o  p r o t e c t  t h e  load c e l l  f r o m  ove rhea t ing .  The c o o l i n g  exten-  
s i o n s  were f a b r i c a t e d  f r o m  I n c o n e l  X s tock ,  o n t o  which copper t u b i n g  was 
brazed. 

RF i n d u c t i o n  h e a t e r :  The i n d u c t i o n  h e a t e r  ( f i g .  10)  p r o v i d e d  up t o  2.5 kW 
o f  r a d i o  f requency energy t o  t h e  specimen. I n d u c t i o n  h e a t i n g  was chosen f o r  
t h r e e  reasons. F i r s t ,  t h e  setup prov ided f o r  ready o p t i c a l  access t o  t h e  spec- 
imen d u r i n g  hea t ing ;  second, an open a i r  c o n f i g u r a t i o n  c o u l d  be used; and 
t h i r d ,  I t  was a noncon tac t i ng  heat  source. 
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Iho powcr was tranmllted l o  I h c  Spvclrnen over d wdter cooled coaxlal llne 
fdbricated In-house. Ihe Induction coil was made of 0 . 6 3  cm (0.25 in.) copper 
tubing wound into six 2.54 cm (1.00 in.) diameter coils. 

Hydraulic lift table: The lift table provided a stable, moveable base onto 
which the testing machine and the induction heater could be mounted. 

Test specimens: The three test specimens used throughout this experimen- 
tation were fabricated from Inconel 600 stock. A pin loaded flat specimen con- 
figuration was used, and the reduced section was 63.5 mm (2.50 In.) long, 
12.7 mm (0.500 in.) wide, and 1.6 nun (0.062 in.) thick. 

Each specimen was instrumented for a different purpose. The first speci- 
men (specimen 1 ,  shown in fig. 1 1 )  was fully instrumented with resistance 
strain gauges and thermocouples, and was intended for low temperature testing. 
Three resistance strain gauges were bonded to the back of the specimen, with 
the sensitive axes along the load (x) axis. These gauges were spaced 12.5 mm 
apart, with a gauge length o f  1.6 mm. In addition, a pair o f  orthogonal gauges 
were bonded to each side o f  the specimen to measure bending. Two type "K" 
thermocouples were mounted 12.5 mm apart, one on either side o f  the center of 
the test section, measuring the surface temperature. 

Specimen 2, shown in figure 12, had only thermocouples mounted on it, for 
use in high temperature testing. Nine thermocouples in all were mounted on the 
specimen: four thermocouples were arranged in a diamond shape on the front of 
the specimen (to allow optical access to the center); the remaining five were 
arranged similarly on the back, with the fifth thermocouple in the center of 
the specimen. The thermocouples were spaced 12.5 mm apart, measured along the 
specimen axes. 

The remaining specimen, specimen 3, had no instrumentation attached to it, 
relying solely on the optical instruments to measure temperature and strain. 

4.2.3 Computer equipment. - The computer equipment consists of all equip- 
ment addressable by the HPIB interface (fig. 13). Details of each component 
are given in the following paragraphs. 

65.7 Mbyte disc/tape drive: This hard disc/tape drive was used to store 
and back-up all software and data for the system. The disc was formatted for 
the Pascal multidirectory file system, with a large main directory accessible 
to BASIC. 

Data acquisitlon/control unit and extender: The data acquisition unit was 
used to read thermocouples, resistance strain gauges, and the load cell, as 
well as a BCD temperature input from the IR pyrometer. It also served as a 
digltal control for the motorized mirror mounts, and the camera exposure con- 
trol circuitry. The extender provided additional slots for 1/0 card assembles. 

Bus expander: This unit served as a backplane slot expander to the system 
controller. It provided additional slots for parallel ports and RAM cards. 

Waveform recorder: The waveform recorder was used as a high speed A/D con- 
verter and buffer for the linear and area camera video signals. The digjtized 
video data was transferred by a GPIO bus, using direct memory access, to a 
buffer in the system controller for correlation. 
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Programmable pulse/function generator: There were two pulse generators,  
one t o  provide triggered pulses t o  the modulators switching the speckle gener- 
a t ing  laser  beams, and one f o r  sending pulses f o r  the expanded area beam. The 
widths of the pulses output by these pulse generators were s e t  by a subprogram 
i n  the main program, i n  response t o  an operator provided i n t e r r u p t .  This 
allows the operator t o  change the exposure time of the cameras according t o  the 
power o u t p u t  o f  the  l a s e r ,  and the ref lectance of the specimen surface.  

P lo t te r :  This s i x  pen p l o t t e r  was used t o  graph color plots  of the s t r e s s -  
s t r a i n  data generated by the data runs. 

Thermal p r i n t e r :  The thermal pr lnter  provided a hard copy of the run data 
i n  tabular form. I t  was a l s o  used as a graphics dump device, t o  provide a 
q u i c k  hard copy of the graphical data displayed on the C R T .  

4 . 3  Custom Electronics 

Custom c i r c u i t  boards were designed t o  in te r face  the l inear  array and area 
array cameras/controllers t o  the waveform recorder, as well as t o  synchronize 
the speckle exposure pulses w i t h  the camera scan ra tes .  Control l ines  s e t  by 
the system cont ro l le r  via the DAQ allowed external control of these c i r c u i t s .  
The controls  determined which o f  the two cameras was on-line w i t h  the waveform 
recorder, and which of the three exposure beams was being pulsed. 

The exposure pulses t o  the beam modulators were provided by two program- 
mable pulse generators,  tr lggered by the  Custom Camera Control c i r c u i t s  a t  the  
appropriate points In the array scanning periods. One pulse generator was used 
f o r  both the l e f t  and r igh t  unexpanded speckle exposure laser  beams (used by 
b o t h  the l inear  and area arrays cameras), and the second pulse generator pro- 
vided the exposure pulse for the l o w  power expanded 
minate the t e s t  section for the area array camera. 
programed i n t o  the pulse generators, as needed, by 
HPIB in te r faces .  

4 . 4  Software 

(a rea)  beam, used t o  i l l u -  
T h e  pulse widths were 
the system cont ro l le r  via 

The computer ran on the Hewlett-Packard BASIC operating system, w h i c h  was 
convenient f o r  the lnput/output operations t h a t  were needed t o  t i e  the system 
together.  This operating system was a s t ructured version of BASIC containing 
powerful programming features  such  as e r r o r  recovery, a wide var ie ty  of event- 
l n i t i a t e d  i n t e r r u p t s ,  extensive graphics fea tures ,  and f l e x i b l e  1/0 capabi l i -  
t i e s .  These fea tures ,  combined w i t h  a program prerun t h a t  s e t  up  pointer 
tab les  and memory maps t o  increase execution speed, made HPBASIC an excel lent  
choice for  control l ing the system. 

The main program was wri t ten i n  the  HPBASIC language, and performed a l l  
functlons needed t o  c o l l e c t  and store speckle pat terns  and other data generated 
by t h e  t e s t i n g .  Once t h i s  data was stored I n  memory, a Hewlett-Packard u t i l i t y  
cal led compiled subroutine (CSUB) was invoked t o  perform the  cor re la t ion  of the 
speckle pa t te rns .  This CSUB u t i l i t y  allowed a precompiled Pascal language sub- 
routine t o  be cal led by the BASIC main program, i n  order t o  perform the corre- 
la t ion  a t  a speed much greater  t h a n  t h a t  permitted by the interpreted language 
of BASIC. This configuration le t  the speed advantage of compiled code be used 
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f o r  t h e  l e n g t h y  c a l c u l a t i o n r  r e q u i r e d  by t h e  c o r r e l a t i o n  f u n c t i o n ,  w h i l e  t h e  
s t r o n g  f e a t u r e s  o f  HPBASIC were s t i l l  a v a i l a b l e  t o  t h e  remainder o f  t h e  da ta -  
t a k i n g  a l g o r i t h m s .  

4.4.1 Main program. - The procedures f o r  t h e  exper iment were c o n t r o l l e d  
through t h e  execu t ion  o f  branches i n  t h e  main program. The o p e r a t o r  dec ided 
what f u n c t l o n s  were t o  be invoked t o  p rocu re  t h e  needed da ta ,  and then  chose 
keyboard a c t i v a t e d  i n t e r r u p t s  t o  i n i t i a t e  t h e  r e q u i r e d  branch. Each branch was 
a s u b r o u t i n e  t h a t  c a l l e d  t h e  subprograms needed t o  complete t h e  procedure.  

The program prompts (branches)  i n c l u d e d  a s e l e c t i o n  o f  i n d i v i d u a l  s teps 
i n  t h e  procedure,  i n  a d d i t i o n  t o  p r e d e f i n e d  sequences o f  t h e  more commonly used 
s teps .  Each prompt d i r e c t e d  e x e c u t i o n  o f  t h e  program t o  a s u b r o u t i n e  t h a t  
c a l l e d  t h e  a p p r o p r i a t e  subprograms. These subprograms were executed i n  
sequence u n t i l  t h e  end o f  t h e  s u b r o u t i n e  was reached, whereupon t h e  program 
r e t u r n e d  t o  t h e  menu b l o c k  t o  i d l e  u n t i l  t h e  n e x t  prompt was s e l e c t e d .  

F l e x i b i l i t y  was t h e  goal  behind t h i s  program design.  The r e s u l t  was t h a t  
t h e  opera to r  c o u l d  e i t h e r  run  th rough  an automated s t r a i n  measurement proce-  
dure,  o r  s e l e c t  s p e c i f i c  o p e r a t i o n s  t o  p e r f o r m  i n  whatever sequence was needed 
a t  t h e  t i m e .  

4.4.2 Subrout ines.  - Subrout ines p r o v i d e d  t h e  framework o f  t h e  exper iment .  
They were t h e  l i n k  between t h e  opera to r  and t h e  f u n c t i o n s  t h e  computer was t o  
per form.  As  t h e  operator  chose each s u b r o u t i n e  f r o m  a menu on t h e  C R T ,  t h e  
s u b r o u t i n e  invoked a s e r i e s  o f  i n s t r u m e n t - c o n t r o l l i n g  and d a t a - t a k j n g  sub- 
programs. What f o l l o w s  a r e  some examples o f  sub rou t ines  used i n  t h e  
expe r i men t : 

- Update a re fe rence  speck le p a t t e r n  
- A d j u s t  t h e  l a s e r  spot  p o s i t i o n  
- Measure a s t r a i n  va lue  
- S t o r e  da ta  on magnetic media 
- Record su r face  temperature and r e f e r e n c e  s t r a i n  gauge read ings  
- A u t o m a t i c a l l y  t a k e  s t r a i n  measurements a t  manual ly  a d j u s t e d  s t r e s s  

- P l o t  s t r e s s - s t r a i n  r e l a t i o n s  
s e t  t i ngs 

Some of  these r o u t i n e s  performed s imple,  e x p l i c i t  t asks  w h i l e  o t h e r s ,  such 
as t h e  one f o r  t a k i n g  automat ic  s t r a i n  measurements, performed a l l  t h e  func-  
t i o n s  and prompt ing needed t o  o b t a i n  a s t r e s s - s t r a i n  cu rve  f o r  t h e  specimen. 

5 .0  EXPERIMENTAL D E S I G N  AND PROCEDURE 

5.1 Tes t  Procedure 

l h e  goa ls  de f i ned  i n  s e c t i o n  2.3 p r o v i d e d  most o f  t h e  framework needed t o  
des lgn  a sequence o f  t e s t s ,  o r  runs,  i l l u s t r a t i n g  t h e  p r o p e r t i e s  of t h i s  s t r a i n  
measurement system. The o v e r a l l  sequence o f  t e s t s  were: (1 )  measurement of 
s t r e s s - s t r a i n  r e l a t i o n s  f r o m  u n a x i a l  mechanical  l o a d i n g  a t  room temperature;  
( 2 )  i s o t h e r m a l  s t r a i n  measurements a t  h i g h  temperatures;  and ( 3 )  t h e r m a l l y  
induced s t r a i n  measurement, w i t h  temperatures r a n g i n g  f r o m  350 t o  800 O C ,  w i t h  
n e g l i g i b l e  mechanical l oad ing .  
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l h e s e  t e s t s  were performed using two d i s t i n c t  t echn iques .  l h e  f i r s t  t e c h -  
n ique ,  c a l l e d  he re  t h e  " a b s o l u t e  s h i f t "  technique,  compared t h e  s h i f t e d  speck le  
p a t t e r n s  f r o m  each s t r a i n  measurement p o i n t  t o  t h e  same p a i r  o f  r e f e r e n c e  
p a t t e r n s ,  t aken  a t  t h e  beg inn ing  o f  t h e  run.  T h i s  techn ique  was used t o  d e t e r -  
mine t h e  s t a b i l i t y  o f  t h e  speck le p a t t e r n s  over  a range o f  s t r a i n ,  and t h e  
degree of c o r r e l a t i o n  between t h e  r e f e r e n c e  and s h i f t e d  p a t t e r n s  th roughou t  
t h i s  same range. 

The second technique,  dubbed the  " r e l a t i v e  s h i f t , "  o r  " i nc remen ta l  s h i f t "  
technique,  updated t h e  r e f e r e n c e  p a t t e r n s  f o r  each s t r a i n  v a l u e  w i t h  t h e  
s h i f t e d  p a t t e r n s  f r o m  t h e  p rev ious  s t r a i n  v a l u e  measured. The s t r a i n  recorded 
a t  any s t r e s s  p o i n t  was then  t h e  sum t o t a l  o f  t h e  p r e v i o u s  s t r a i n  increments 
s i n c e  t h e  beg inn ing  o f  t h e  run. 

Every load o r  thermal  c y c l e  was preceded w i t h  t h e  s t o r a g e  o f  two 
u n s t r a i n e d ,  r e f e r e n c e  speck le  pat terns--one f r o m  t h e  l e f t  l a s e r  beam and one 
f rom t h e  r i g h t  beam, and t h e  "ze ro  l o a d "  v o l t a g e s  o f  t h e  l o a d  c e l l  and r e s i s t -  
ance s t r a i n  gauges. I t  was t h i s  s e t  o f  r e f e r e n c e  p a t t e r n s  t h a t  t h e  s t r a i n e d  
( s h i f t e d )  speck le p a t t e r n s  were c o r r e l a t e d  a g a i n s t  t o  de te rm ine  t h e  s p a t i a l  
s h i f t .  One o f  t h e  o b j e c t i v e s  o f  t h i s  exper iment  was t o  determine how much 
s h i f t  a p a t t e r n  c o u l d  undergo before c o r r e l a t i o n  w i t h  t h e  r e f e r e n c e  p a t t e r n  was 
unde tec tab le .  I n  genera l ,  t h e  sequence o f  s teps l e a d i n g  t o  a d a t a  p o i n t  on t h e  
specimen was t h e  f o l l o w i n g :  

A t  t h e  b e g l n n i n g  o f  t h e  r u n  (a )  p r e l o a d  t h e  specimen t o  seat  l oad  a x i s  
coup l i ngs ;  ( b )  a l i g n  t h e  specimen w i t h  t h e  l o a d  a x i s  t o  m in im ize  r i g i d  body 
mo t ion  (RBM) induced speck le movement; ( c )  a l i g n  l a s e r  spots  on t h e  specimen; 
( d )  s t o r e  t h e  r e f e r e n c e  v o l t a g e s  o f  t h e  l o a d  c e l l  and t h e  r e s i s t a n c e  s t r a i n  
gauges; and ( e )  s t o r e  t h e  re fe rence  speck le  p a t t e r n  f o r  each beam. 

Then, f o r  each success ive s t r a i n  p o i n t  i n  t h e  r u n  ( f )  update t h e  r e f e r e n c e  
p a t t e r n s  w i t h  t h e  s h i f t e d  p a t t e r n s  f r o m  t h e  p r e v i o u s  p o i n t  ( i n c r e m e n t a l  s h i f t  
method o n l y ) ;  ( 9 )  a p p l y  a i o a d  t o  t h e  specimen; ( h )  read t h e  s h i f t e d  speck le  
p a t t e r n  f o r  each beam; (I) c o r r e l a t e  t h e  r e f e r e n c e  and s h i f t e d  p a t t e r n s  f o r  
each beam, where t h e  peaks o f  t h e  c o r r e l a t i o n  f u n c t i o n s  g i v e  t h e  t o t a l  s h i f t  
f o r  each beam; ( 3 )  t a k e  t h e  d i f f e r e n c e  between t h e  d isp lacements o f  t h e  two 
p a t t e r n s  t o  cancel  r i g i d  body motion; ( k )  c a l c u l a t e  t h e  s t r a i n  f r o m  t h e  rema 
I n g  s h i f t ;  and ( 1 )  s t o r e  t h e  s t ress ,  s t r a i n ,  and temperature va lues.  

n- 

C a r e f u l  a l i gnmen t  o f  t h e  specimen i n  t h e  t e s t i n g  machine was c r i t i c a l ,  n 
o r d e r  t o  m in im ize  r i g i d  body mot ion o f  t h e  t e s t  specimen. I n  p a r t i c u l a r ,  t h r e e  
components o f  excess i ve  RBM were i n t o l e r a b l e .  The z component o f  specimen 
t r a n s l a t i o n ,  az,  caused an e r r o r  i n  t h e  s t r a i n  va lue  d i r e c t l y  p r o p o r t i o n a l  
t o  t h e  d i f f e r e n t i a l  magnitude o f  a2 .  The maximum a l l o w a b l e  v a l u e  o f  a z  
was 0.1 mm. The o t h e r  two components o f  RBM t h a t  needed t o  be min imized were 
t h e  r o t a t i o n a l  t e r m  about t h e  x a x i s ,  Qx, and t h e  t r a n s l a t i o n  component 
i n  t h e  y d i r e c t i o n ,  ay.  
sensor p l a n e  I n  t h e  Y d i r e c t i o n ,  Ay (eq.  ( 5 b ) ) .  No obse rvab le  e r r o r  
r e s u l t e d  f r o m  Ay, b u t  as s t a t e d  i n  t h e  t h e o r y  s e c t i o n  o f  t h i s  r e p o r t ,  a 
v a l u e  o f  Ay g r e a t e r  t han  t h e  sum o f  t h e  sensor h e i g h t  and t h e  mlnimum 
speck le  s i z e  r e s u l t e d  i n  d e c o r r e l a t i o n  between t h e  speck le  p a t t e r n s ,  caus ing  a 
v a l u e  o f  s t r a i n  random i n  magnitude and s i g n  t o  be r e t u r n e d  f rom t h e  c o r r e l a -  
t i o n  r o u t i n e .  

Both o f  t hese  terms l e d  t o  a speck le  s h i f t  i n  t h e  

1 3  



Therefore,  steps ( a )  and (5) above were needed t o  m in im ize  these  t h r e e  
components. Step (a )  prevented gross movements o f  t h e  specimen by removing 
s l a c k  f rom t h e  load components. Step ( b )  reduced bending o f  t h e  specimen, as 
w e l l  as o t h e r  components of l o a d  n o t  a long  t h e  x a x i s .  

A number o f  runs were performed f o r  each o f  t h e  t h r e e  types o f  t e s t s  con- 
ducted.  S p e c i f i c  steps i n  each procedure a r e  l i s t e d  i n  t h e  s e c t i o n s  t o  f o l l o w ;  
each r u n  o f  a p a r t l c u l a r  procedure may have d i f f e r e d  s l i g h t l y  i n  t h e  p r e l o a d  
va lue  o f  t h e  s t r e s s  increments used, b u t  t h e  va lues g i v e n  a r e  t y p i c a l .  

5.1.1 Mechanica l ly  induced s t r a i n .  - The exper iment began w i t h  t h e  meas- 
urement o f  s t r a i n  induced by mechanical  l o a d i n g  o f  t h e  t e s t  specimen, u s i n g  t h e  
a b s o l u t e  s h i f t  technique. Specimen 1 was p laced  i n  t h e  h o r i z o n t a l  s t r e s s  
f a t i g u e  t e s t i n g  machine, w l t h  r e s l s t a n c e  s t r a i n  gauges and thermocouples 
a t tached  t o  t h e  reverse s i d e  o f  t h e  specimen t o  p r o v i d e  r e f e r e n c e  da ta .  

I n  a t y p i c a l  run, t h e  specimen was p laced under a 34 t o  69 MPa (5.0 t o  
10.0 k s i )  p re load ,  which was t r e a t e d  as t h e  zero l o a d  p o i n t  when read ing  l o a d  
c e l l  and r e s i s t a n c e  gauge r e f e r e n c e  v o l t a g e s .  Unless s p e c i f i e d  o the rw ise ,  a l l  
s t r e s s  values g i ven  i n  t h i s  r e p o r t  w i l l  assume a p r e l o a d  o f f s e t .  The r u n  began 
a f t e r  a d j u s t i n g  the l o a d  a x i s  o f  t h e  t e n s i l e  machine t o  m ln im lze  r i g i d  body 
mo t ion .  

The r e f e r e n c e  speck le p a t t e r n s  were recorded, then  t h e  " s h i f t e d "  "pat terns 
were taken w i t h o u t  changing t h e  l oad .  Th is  v e r i f i e d  t h e  zero s t r a i n  p o i n t  o f  
t h e  r u n  and was a l so  used t o  observe temporal  s t a b i l i t y  o f  t h e  speck le  
p a t t e r n s ,  e s p e c i a l l y  d u r i n g  h i g h  temperature r u n s .  The s t r e s s  was increased 
t o  6 .9  MPa ( 1 . 0  k s l ) ,  and a new p a i r  o f  s h i f t e d  speck le p a t t e r n s  was recorded 
and c o r r e l a t e d  w i t h  t h e  r e f e r e n c e  p a t t e r n  p a i r .  The sequence o f  i nc remen t ing  
t h e  s t r e s s  on t h e  specimen by 6.9 t o  21 MPa (1.0 t o  3.0 k s l ) ,  s t o r i n g  a p a i r  
o f  s h i f t e d  speck le p a t t e r n s ,  and c a l c u l a t i n g  t h e  s t r a i n  was repeated u n t i l  
d e c o r r e l a t i o n  occurred between t h e  o r i g i n a l  r e f e r e n c e  p a t t e r n s  and t h e  f i n a l  
p a i r  o f  s h i f t e d  p a t t e r n s .  The d a t a  a r r a y  f o r  t h e  r u n  was then  s t o r e d  on t h e  
ha rd  d i s c ,  and t h e  da ta  were analyzed. 

l h e  incrementa l  s h i f t  method was t e s t e d  u s i n g  a procedure ve ry  s i m i l a r  t o  
t h a t  o f  t h e  abso lu te  s h i f t  method desc r ibed  above. For t h e  i nc remen ta l  s h i f t  
technique,  t h e  p a i r  o f  s h i f t e d  p a t t e r n s  generated a t  t h e  most r e c e n t  va lue  o f  
s t r e s s  was c o r r e l a t e d  w i t h  t h e  p a i r  assoc ia ted  w l t h  t h e  p r e v i o u s  l o a d  s t a t e ,  
and t h e  r e s u l t i n g  s t r a i n  added t o  t h e  r u n n i n g  t o t a l .  

5.1.2 Isothermal  s t r a i n  r e l a t i o n s  a t  h i g h e r  temperatures.  - The n e x t  s t e p  
o f  t h e  exper iment was t o  produce a c c u r a t e  i s o t h e r m a l  s t r e s s - s t r a i n  curves a t  
t h e  h i g h e s t  temperature p o s s i b l e ,  u s i n g  specimen 2. An RF i n d u c t i o n  h e a t e r  
under e x t e r n a l  p r o p o r t i o n a l - i n t e g r a l - d e r i v a t i v e  ( P I D )  c o n t r o l  was used t o  heat  
t h e  specimen. Before t h e  t e s t i n g  began, t h e  specimen was c y c l e d  th rough  t h e  
temperature range t o  s t a b i l i z e  s u r f a c e  o x i d a t i o n .  The temperature o f  t h e  spec- 
lmen was h e l d  a t  600 "C f o r  about 5 rnin, and then r e t u r n e d  t o  room temperature.  
The temperature was t hen  f i x e d  a t  400 " C  f o r  30 min p r i o r  t o  t h e  run,  t o  i n s u r e  
a s t e a d y - s t a t e  temperature d i s t r i b u t i o n .  The temperature con t inued  t o  be h e l d  
cons tan t  w h i l e  the mechanical  l o a d  was v a r i e d  and t h e  s t r a i n  va lues measured, 
as pe r  t h e  procedure i n  s e c t i o n  5 . 1 . 1 .  This  procedure was repeated f o r  a tem-  
p e r a t u r e  s e t  p o l n t  o f  450 " C ,  w i t h  good r e s u l t s .  A t  temperatures h i g h e r  than 
450 " C ,  u s i n g  t h e  abso lu te  s h i f t  technique,  d e c o r r e l a t i o n  became t o o  severe t o  
a c c u r a t e l y  determlne s t r a i n .  
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5._I . 3  IhermdLly l n juc  ed - r t _ ra ln .  l h p  f i n a l  o b j e c t l v e  o f  t h e  exper lment  
was t o  determlne t h e  r e l i a b i l i t y  o f  t h l s  o p t i c a l  s t r a i n  measurement system t o  
measure t h e  thermal expansion o f  a t e s t  specimen. A s  b e f o r e ,  an i n d u c t i o n  
hea te r  was used t o  heat  t h e  specimen. She procedure was t o  a l l o w  f r e e  expan- 
s i o n  of t h e  specimen as t h e  temperature s e t - p o i n t  was i nc reased- - the  specimen 
was n o t  i n  a p r e l o a d  s t a t e .  

1-he o p e r a t i n g  range o f  t h e  pyrometer P I D  c o n t r o l  o u t p u t  f o r  t h e  RF h e a t e r  
was 350 t o  800 "C.  For t h i s  reason, thermal  s t r a i n  t e s t s  were conducted f r o m  
350 t o  450 "C,  where dynamic r e f r a c t i v e  g r a d i e n t s  were observed t o  cause exces- 
s i v e  p a t t e r n  deg rada t ion .  From 350 O C  t h e  temperature s e t p o i n t  was i nc reased  
i n  1 t o  10"  increments and a l l owed  t o  s t a b i l i z e  b e f o r e  s t o r i n g  a s h i f t e d  
p a t t e r n  p a i r  and c a l c u l a t i n g  t h e  thermal s t r a i n .  The inc remen ta l  s h i f t  t ech -  
n i q u e  was used due t o  excess i ve  Ay movement o f  t h e  p a t t e r n s ,  caused by 
f l e x i n g  and s h i f t i n g  o f  t h e  specimen and load components as t h e  temperature 
i nc reased .  

6.0 RESULTS AND RECOMMENDATIONS 

A f t e r  some minor  ad justments were made t o  t h e  o p t i c a l  pa ths  and t h e  t e s t -  
i n g  machine, a number o f  d a t a  runs were performed w i t h  t h e  system, t h e  r e s u l t s  
o f  whlch a r e  d e t a i l e d  I n  t h e  t e x t  t o  f o l l o w .  The o v e r a l l  r e s u l t s  o f  t h e  exper-  
i m e n t a t i o n  l ead  t o  a f a v o r a b l e  r a t i n g  o f  t h e  t e s t  system as a whole, w i t h  t h e  
e x c e p t i o n  o f  t h e  l oad  t ransmiss ion  components. 

Some p l o t s  o f  t y p i c a l  d a t a  runs a r e  shown i n  f i g u r e s  14 t o  18. These f i g -  
ures show d a t a  f o r  i s o t h e r m a l  runs a t  room temperature and 450 O C ,  as w e l l  as 
a r u n  measur ing thermal  s t r a i n .  A l l  o p t i c a l  d a t a  shown here,  except  f o r  a 
techn ique  comparison r u n  i n  f i g u r e  15, were c o l l e c t e d  u s i n g  t h e  i nc remen ta l  
s h i f t  technique.  

6.1 Resu l t s  

Tests conducted d u r i n g  t h i s  program v e r i f i e d  t h e  s t a b i l i t y  o f  speck le  
p a t t e r n s  generated by an o x i d i z e d  specimen s u b j e c t  t o  maximum s t r a i n s  over  
0.1 p e r c e n t .  The s t a b i l i t y  o f  t he  s u r f a c e  s t r u c t u r e  o f  t h e  specimen was n o t  
observed t o  be a f f e c t e d  by h i g h  temperature once o x i d a t i o n  occu r red .  The t e s t s  
were conducted i n  an open a i r  atmosphere. 

F i g u r e  14 shows t h e  o p t i c a l  gauge d a t a  p l o t t e d  a l o n g s i d e  t h e  d a t a  f r o m  a 
r e s i s t a n c e  s t r a i n  gauge taken  a t  the same t ime .  The curves can be seen t o  
e n t e r  t h e  n o n l i n e a r  r e g i o n  o f  s t r a i n ,  and t h e i r  s lopes agree t o  w i t h i n  
6 pe rcen t .  An o f f s e t  o f  6.9 t o  14 MPa (1.0 t o  2.0 k s l )  occurs a t  t h e  b e g i n n i n g  
o f  t h e  run, where no s t r a i n  i s  measured o p t i c a l l y .  T h i s  o f f s e t  ( i n i t i a l l y  
l a r g e  s lope )  i s  t y p i c a l  o f  t h e  o p t i c a l  measurements a t  t h e  s t a r t  o f  t h e  l o a d  
c y c l e ,  and i s  b e l i e v e d  t o  be caused by movement o f  t h e  specimen a t  sma l l  ang le  
d e f l e c t i o n s  o f  t h e  e c c e n t r i c  crank connected t o  t h e  l o a d  arm o f  t h e  t e s t i n g  
machine. T h i s  i n i t i a l  movement i s  e i t h e r  i n h e r e n t  t o  t h e  t e s t i n g  machine, o r  
I s  caused by t h e  skew a n g l e  o f  the c l e v i s  g r i p s ,  o r  b o t h .  

The p l o t s  i n  f i g u r e  15 demonstrate t h e  agreement between t h e  methods of 
" a b s o l u t e "  and " i n c r e m e n t a l "  s h i f t .  The two p l o t s  r e p r e s e n t  separa te  runs 
taken  i n  succession, under t h e  same s e t  o f  parameters.  The a b s o l u t e  s h i f t  r u n  
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was conducted f i r s t ,  d u r i n g  which d e c o r r e l a t i o n  occu r red  a t  64 MPa. The load  
was then r e l a x e d  t o  t h e  i n l t l a l  p r e l o a d  s t a t e ,  and t h e  i nc remen ta l  s h i f t  r u n  
was conducted us ing t h e  same load  increments as f o r  t h e  a b s o l u t e  s h i f t  r un .  
The same I n i t i a l  re fe rence  p a t t e r n s  were used f o r  t h e  i nc remen ta l  s h i f t  r un ,  
s o  t he  " z e r o "  load p o i n t s  a r e  t h e  same. 

The second data p o i n t  on t h e  a b s o l u t e  s h i f t  cu rve  i n d i c a t e s  an apparent  
s t r a l n  term, due t o  specimen t r a n s l a t i o n  i n  t h e  z d i r e c t i o n ,  t h a t  does n o t  
occur on t h e  incrementa l  s h i f t  cu rve .  The e f f e c t  o f  t h i s  o f f s e t  remains f o r  
t h e  r e s t  o f  t h e  run, as i s  observed f r o m  t h e  c o n s t a n t  o f f s e t  between t h e  p l o t s .  
The remalnder o f  the da ta  p o l n t s  f o l l o w  p r e c i s e l y  t h e  same s h i f t  ( o r  s t r a i n )  
increments i n  a p a r a l l e l  p rog ress ion ,  i n d i c a t i n g  t h a t  t h e  sum o f  t h e  c o r r e l a -  
t i o n  r e s o l u t i o n  e r r o r  and t h e  e r r o r  due t o  t r a n s l a t i o n  a, ( a f t e r  t h e  i n i t i a l  
o f f s e t  i n  t h e  abso lu te  s h i f t  cu rve )  was t h e  same f o r  b o t h  methods. 

Another impor tan t  r e s u l t  shown by t h e  runs I n  f i g u r e  1 5  i s  t h e  d i f f e r e n c e  
i n  s e n s i t i v i t y  t o  d e c o r r e l a t i o n  between t h e  a b s o l u t e  and inc remen ta l  s h i f t  
methods. The r u n  u s i n g  t h e  a b s o l u t e  s h i f t  t echn ique  te rm ina ted  a t  63 MPa 
( 9 . 2  k s l )  due t o  d e c o r r e l a t i o n  f rom speck le s h i f t s  i n  t h e  Y d i r e c t i o n ,  
whereas t h e  r u n  summing inc remen ta l  s t r a i n s  was con t inued  up t o  177 MPa 
( 2 5 . 6  k s i ) .  Al though runs u s i n g  t h e  a b s o l u t e  s h i f t  method have been success- 
f u l l y  conducted up t o  0.1 pe rcen t  s t r a i n ,  t h e  specimen t y p i c a l l y  moves about 
enough t o  cause d e c o r r e l a t i o n  a t  loads o c c u r r i n g  w e l l  below t h i s  d i f f e r e n t i a l  
range. 

Note t h a t  be fo re  t h e  specimen was s t r a i n e d ,  t h e  c o r r e l a t i o n  o f  t h e  r e f e r -  
ence p a t t e r n s  repea ted ly  r e t u r n e d  a s h i f t  o f  a s i n g l e  d iode  a t  t h e  zero l oad  
p o i n t  ( i n d i c a t i n g  a s t r a i n  o f  16 m i c r o s t r a i n )  f o r  every s e t  o f  p a t t e r n s  
recorded a t  zero load.  
A O / C  (10  b i t s )  a l lowed t h e  c o r r e l a t i o n  peak f o r  t h i s  p a r t i c u l a r  p a t t e r n  t o  be 
spread over two values o f  s h i f t .  I n  t h e  event  o f  equal  peak va lues,  t h e  c o r r e -  
l a t i o n  p e a k - p i c k i n g  r o u t i n e  r e t a i n s  t h e  f i r s t  peak v a l u e  encountered, which i n  
t h i s  case corresponds t o  t h e  -1 d l o d e  s h i f t  i ndex  i n s t e a d  o f  t h e  expected s h i f t  
i ndex  va lue o f  zero. 

The c o n c l u s l o v  was drawn t h a t  t h e  r e s o l u t i o n  o f  t h e  

I n  f i g u r e s  16(a) and ( b ) ,  h y s t e r e s i s  due t o  p l a s t i c  s t r a i n  i s  observed i n  
bo th  t h e  o p t i c a l  and r e s i s t a n c e  gauge da ta  as t h e  l o a d  i s  backed down t o  t h e  
i n i t i a l  p r e s e t  value. Both se ts  o f  da ta  were generated on t h e  same run .  
F i g u r e  16 (a )  shows t h e  p l o t s  o f  t h e  o p t i c a l  gauge da ta ,  and f i g u r e  1 6 ( b )  shows 
t h e  corresponding r e s i s t a n c e  gauge da ta .  Agreement between t h e  t w o  gauges I s  
ve ry  good, w i t h  the f i n a l  o f f s e t  s t r a i n  va lues o f  t h e  o p t i c a l  and r e s i s t a n c e  
gauges w i t h i n  2 m l c r o s t r a l n  o f  each o t h e r .  T h i s  i s  w e l l  w i t h i n  t h e  r e s o l u t i o n  
o f  b o t h  gauges. L inea r  f i t s  o f  t h e  da ta  show d i f f e r e n c e s  o f  8 pe rcen t  on t h e  
load-up c y c l e  and 3 p e r c e n t  on t h e  load-down c y c l e .  

The o p t i c a l  data cu rve  i s  d i scon t lnuous  a t  t h e  b e g i n n i n g  o f  t h e  load-down 
c y c l e ,  due t o  t h e  o u t - o f - p l a n e  d isp lacement  t e r m  T h i s  t y p e  o f  break i n  
t h e  cu rve  i s  o f t e n  observed as t h e  l oad  i s  r e l a x e d  and t h e  specimen r e t u r n s  t o  
I t s  n e u t r a l ,  unloaded p o s i t i o n  a long  t h e  z a x i s .  I n  f i g u r e  1 6 ( a ) ,  t h e  a, 
o f f s e t  on t h e  load-down c y c l e  i s  n e a r l y  equal  t o  t h e  sum o f  t h e  a Z  o f f s e t s  
i n  t h e  o p p o s i t e  d l r e c t l o n  d u r i n g  t h e  load-up c y c l e .  The rema in ing  a Z  d i s -  
placement i s  spread smoothly a long  t h e  cu rve  as a f u n c t i o n  o f  l o a d .  When t h e  
p l o t s  f rom each gauge a r e  superposed and o f f s e t  t o  a l i g n  t h e  load-down curves,  
t h e  s lope  s lgna tu res  a r e  t h e  same. 

a,. 
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Figure 17 shows stress-strain data at high temperature, using specimen 2. 
The temperature setpoint was 450 "C, and the incremental shift method was used. 
The straight line drawn on the plot is the modulus of elasticity E(T = 450 "C) 
given by an Inconel 600 data sheet. The slope calculated from the optical 
gauge data is 10 percent higher than the handbook value. The optical data show 
discontinuities below 67 MPa (10 ksi) due to specimen shifting in the z 
direction (az), but smooths out for a constant slope up to 200 MPa (29 ksi). 
At high loads, the term aZ has been observed to increase proportionally 
with load, which accounts for the slightly larger slope o f  the optical data. 

A test run measuring thermal strain is shown in figure 18. The Ircon 
pyrometer controller was initially set at 350 "C, and then increased by 1"  
increments as each strain value was measured. The temperature increments were 
increased to 5" or more as correlation confidence grew, and the data array was 
filled. A second array was started to finish the temperature ramp, causing a 
delay of 5 min; a discontinuity appears between the plots of these two sets of 
data, but the second array continues with the same slope. The delay between 
the two data arrays was due to a software limitation, and will be eliminated 
in future testing. 

As with the isothermal runs, poor correlation occurred at temperatures 
above 450 "C. and the run was terminated. A linear fit of the data aives the 
measured coefficient of expansion to be 14.3 microstrain per degree Cels 
This Is within 3 percent of the handbook value. Some random error 
(214.8 microstrain) occurred due to the uncertainty in the temperature 
measurements. 

A least-squares regression over the linear portion of the strain da 
taken for each run provides a good measure of the accuracy of the data. 
calculated modulus of elasticity ( E )  or coefficient of thermal expansion 
error trends in the system (e.g., the error due to a, increasing with 

us. 

a 
The 
shows 

load). 
In E ,  or how well strain is shown to be a function o f  stress. The plots shown 
here have linear-correlation coefficients ranging from 0.998 to 1.000. 

The linear-correlation coefficient indicates the degree of confidence 

6.2 Error Analysis 

lhe error introduced by the assumptions and approximations in the theory 
are typically small. Sources of the most significant errors are analyzed 
below: 

(1) The most obvious error in the system is that introduced by the speckle 
shift detection system, or, that parameter determining the smallest detectable 
shift. This limit is determined by the diode spacing o f  the linear array, as 
long as the detector system can distinguish between adjacent diode signal 
levels. 1-he full angle width (or the distance between the intensity minima) 
of the smallest speckle I s  165 for this optical setup, and the photodiode 
detector spacing Is 15 pm. This gives a diode-to-speckle ratio of about 11, 
leading to the conclusion that the limiting factor is the diode pitch. lhe 
resolution of the system then is a function of the sensor distance Lo, and the 
diode spacing. The relation Is 

resolution = 0.707 [diode spacing/Lo] 
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F o r  a p i t c h  o f  1 5  pm/diode and a sensor d i s t a n c e  o f  0.656 m, t h e  r e s o l u -  
t i o n  i s  16 m l c r o s t r a i n .  

( 2 )  A system requlrement i s  t h a t  Ls ;*z Lo i n  o r d e r  t o  assume a p l a n a r  
t rea tmen t  of t h e  wavefront .  I f  t h e  r a t i o  Lo/Ls << 1 then  most o f  t h e  speck le 
d isp lacement  terms i n  equa t ion  ( l a )  w i l l  d rop  o u t  o f  t h e  equa t ion ;  t h e  
remainder o f  t h e  t e r m s  w i l l  be canceled due t o  t h e  s i g n  change o f  t h e  symmetrl-  
c a l l y  i n c i d e n t  beams, l e a v i n g  o n l y  t h e  amount of s h i f t  due t o  s t r a i n  a long  t h e  
sensor a x j s .  When t h i s  i n e q u a l i t y  i s  n o t  mef, t hen  t h e  d i f f e r e n t i a l  speck le 
s h i f t  i s  

bAX = -21.0~ x x  s i n  e t a x  cos2e [(k:)R - (z)J - a , s i n  e cos .(E),] 
where t h e  s u b s c r i p t s  L and R r e f e r  t o  t h e  l e f t  and r i g h t  beam pa ths ,  
r e s p e c t i v e l y  ( 1 - e . ,  t h e  beams a t  t o ) .  

l h e  wors t  case I s  i f  t h e  r a t i o  f o r  t h e  l e f t  i n c i d e n t  beam i s  n o t  equal  t o  
t h e  r a t l o  f o r  t h e  r i g h t  beam. I n  t h l s  wors t  case s i t u a t i o n  t h e  s u r f a c e  s t r a i n  
would n o t  be separable f r o m  t h e  o t h e r  terms I n  equa t ion  ( l a ) ,  and e r r o r s  would 
r e s u l t .  

I f  however, the r a t i o s  a r e  made equal  f o r  t h e  l e f t  and r i g h t  beams by 
c a r e f u l  ad justment  o f  t h e  o p t i c a l  p a t h  l e n g t h s ,  t hen  t h e  va lue  o f  s t r a i n  w i l l  
be r e t r i e v a b l e ,  prov ided o u t - o f - p l a n e  d isp lacement  a z  o f  t h e  specimen i s  
min lmal ;  t h a t  i s ,  

-bAX 
E =  xx 2Lo s i n  0 

For t h e  case o f  t h e  p resen t  equal  beam p a t h  system, t h e  r a t i o  
Lo/Ls = 0.125 r e s u l t s  I n  t h e  e r r o r  t e rm e q u a l i n g  0.13 a, s t r a i n .  

A comblnat ion o f  an i n h e r e n t  looseness o f  t h e  t e s t i n g  machine, poor 
machln lng o f  t h e  specimen g r i p s ,  and t h e  r e s u l t i n g  a l i gnmen t  l i m i t a t i o n s  o f  t h e  
load t r a n r m l s s l o n  components has I n  f a c t  l e d  t o  excess i ve  o u t - o f - p l a n e  movement 
i n  a number o f  runs. This  e r r o r  can be min imized by dec reas ing  t h e  r a t i o  o f  
Lo/l-s, o r  l i m i t i n g  t h e  a, t e r m  a t  t h e  source. 

( 3 )  I f  t h e  o u t - o f - p l a n e  e r r o r  i n  i t e m  2 i s  e l i m i n a t e d ,  t h e  rema in ing  e r r o r  
i n  s t r a i n  i s  g i ven  by t h e  f o l l o w i n g  t o t a l  d i f f e r e n t i a l  equa t ion :  

-a  bAX ae a c  = t -  aLo  E - 
x x  21-0 s i n  e LO x x  t a n  e ‘XX  

a bA = f 1 7  pm X 
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ae = +11 . 6  mrad 

There fo re ,  

a s  = k18 p~ k0.3 p e r c e n t  o f  t h e  s t r a i n  r e a d i n g  x x  

( 4 )  The i n e q u a l i t y  Ay << [1.22 A Lo/w t sensor h e i g h t ]  i s  a requ i remen t  
f o r  c o r r e l a t i o n  o f  t h e  speck le p a t t e r n s .  I t  i n t r o d u c e s  e r r o r  o n l y  I f  a random 
c o r r e l a t i o n  peak overshadows t h e  a c t u a l  peak d i m i n i s h e d  by d e c o r r e l a t i o n ,  o r  
i f  t h e  peak i s  f l a t  over  a number o f  d i o d e  s h i f t s .  The magnitude o f  Ay i s  
dependent on t h e  v e r t i c a l  component o f  s t r a i n  and t r a n s l a t i o n a l  and r o t a t i o n a l  
components o f  t h e  specimen. The combined d isp lacement  i n  t h e  image p l a n e  must 
be much l e s s  than 98 pm, which independent ly  r e q u i r e s  an a n g u l a r  r o t a t i o n  o f  
t h e  specimen o f  much l e s s  than 0.15 mrad, and a v e r t i c a l  t r a n s l a t i o n  o f  much 
l e s s  than 98 pm i n  t h e  o b j e c t  p lane. T h i s  requi rement  i s  one o f  t h e  most d i f -  
f i c u l t  t o  meet, s i n c e  f a t i g u e  t e s t i n g  machines a r e  n o t  designed w i t h  o p t i c a l  
s e n s i t i v i t y  i n  mind, and i s  I n  f a c t  o f t e n  t h e  l i m i t i n g  f a c t o r  i n  t h e  range o f  
d i f f e r e n t i a l  s t r a i n  measurable f r o m  a g i v e n  r e f e r e n c e  p o i n t  ( i . e . ,  " a b s o l u t e  
s h i f t " ) .  

Because o f  t h i s  Y component o f  speck le  s h i f t ,  t h e  i nc remen ta l  s h i f t  
t echn ique  i s  a more r e l i a b l e  method t o  use f o r  most l a r g e  range s t r a i n  measure- 
ments. No e r r o r  "walk o f f "  l a r g e r  t h a n  t h e  r e s o l u t i o n  o f  t h e  system has been 
observed when summing inc remen ta l  s t r a i n s .  I n  f a c t ,  d a t a  taken  w i t h  t h e  i n c r e -  
menta l  t echn ique  has a b e t t e r  l i n e a r  f i t  than  d a t a  measured w i t h  a b s o l u t e  
s h i f t s .  Th i s  seems t o  be due t o  a smearing ( f l a t t e n i n g )  o f  t h e  peak p o s i t i o n  
o f  t h e  c ross  c o r r e l a t i o n  f u n c t i o n  when Ay reaches t h e  98 pm l i m i t .  

6.3 Conclusions 

l h e  e x p e r i m e n t a t i o n  conducted d u r i n g  t h i s  p r o j e c t  has r e s u l t e d  i n  a number 
o f  u s e f u l  i n s i g h t s  r e g a r d i n g  t h e  Implementat ion o f  Yamaguchi's t h e o r y .  

O v e r a l l ,  t h i s  measurement system works ve ry  w e l l  f o r  measur ing s t r a i n  a t  
low t o  mid-range temperatures (up t o  450 "C). I n c r e a s i n g  t h e  temperature range 
depends on how w e l l  a i r  d e n s i t y  p e r t u r b a t i o n s  i n  t h e  v i c i n i t y  o f  t h e  specimen 
can be c o n t r o l l e d .  These p e r t u r b a t i o n s  cause t i m e - v a r y i n g  speck le i n t e n s i t y  
f l u c t u a t i o n s  which l e a d  t o  a r e l a t i v e  s h i f t  between t h e  l e f t  and r i g h t  c o r r e l a -  
t i o n  f u n c t i o n s .  There e x i s t  a number o f  p o s s i b l e  c o n f i g u r a t i o n s  t h a t  may be 
used t o  d i m i n i s h  t h i s  problem, the use o f  which w i l l  be l e f t  f o r  f u r t h e r  d e v e l -  
opmental stages o f  t h i s  system. 

The most p r a c t i c a l  r e s u l t  o f  t h e  t e s t i n g ,  though, i s  t h a t  t h e  e f f e c t i v e -  
ness o f  Yamaguchi's speck le s h i f t  t echn ique  as a s t r a i n  gauge i s  l i m i t e d  by t h e  
e x t e n t  o f  t h e  system's immunity t o  r i g i d  body mo t ion  o f  t h e  t e s t  specimen. 
Thus, t h e  l i m i t i n g  f a c t o r s  i n  implement ing t h e  t e s t  system a r e  terms o f  r i g i d  
body mo t ion .  An i n c r e a s e  i n  t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  l a s e r  beam wave- 
f r o n t ,  as w e l l  as c a r e f u l  a l ignment  o f  t h e  specimen I n  t h e  l o a d  t r a i n ,  can 
e l i m i n a t e  t h e  sys temat i c  e r r o r  observed i n  these  t e s t s  and ensure t h e  r e l i a b i l -  
i t y  of t h e  d a t a  w i t h  minimum equipment s p e c i f i c a t i o n s .  
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Dur ing  much o f  t h e  t e s t i n g ,  an a l ignment  problem u s u a l l y  l e d  t o  components 
o f  r l g l d  body mot ion I n  excess o f  t h e  magnitudes t o l e r a b l e  by t h e  p resen t  sys- 
tem parameters.  The aZ t e r m  o f  r i g i d  body mo t ion  caused by t h e  l o a d  compo- 
nents  was l a r g e r  than a n t i c i p a t e d ,  and I t  c o n t r i b u t e d  an e r r o r  t e r m  t o  many o f  
t h e  s t r e s s - s t r a i n  measurements taken d u r i n g  t e s t i n g  o f  t h e  system. 

The major  c o n t r i b u t i o n  t o  a Z  was caused by poor machin ing o f  t h e  
c l e v i s  g r i p s  purchased t o  h o l d  and load  t h e  t e s t  specimen. The g r i p s  screwed 
i n t o  c o o l i n g  extens lons whlch doubled a s  coup le rs  between t h e  l o a d i n g  s tuds and 
t h e  c l e v i s  g r i p s ;  the problem was t h a t  t h e  a x i s  o f  t h e  th reads  tapped i n t o  each 
g r i p  was n o t  p a r a l l e l  t o  the  l oad  a x i s  o f  t h e  specimen. Among t h e  f o u r  c l e v i s  
g r l p s  ordered,  t h e  ang le  between threads and t h e  l o a d  a x i s  ranged f rom 3.5 t o  
8.2 mrad. 

Once t h e  problem was d iscovered the  g r i p s  c o u l d  n e i t h e r  be rep laced  no r  
o m l t t e d  f rom t h e  loading t r a i n ,  b u t  t h e  p a i r  o f  g r i p s  f i n a l l y  used i n  t h e  t e s t -  
i n y  was chosen such t h a t  t he  ang le  between t h e  g r i p s  was min imized;  t h e  a l l g n -  
ment o f  t h e  t e s t i n g  machine was then  a d j u s t e d  so as t o  m in im ize  a Z  when,a 
l o a d  was a p p l i e d .  Bending moments a t  t h e  t e s t  s e c t i o n  were mjn imized th rough  
c a r e f u l  adjustments t o  t h e  l oad  a x i s  a l i gnmen t ,  and c o n t r i b u t e d  o n l y  sma l l  
s t r a i n s  t o  t h e  o v e r a l l  measurements. Any rema in ing  bending d i f f e r e n t i a l  was 
t y p i c a l l y  overshadowed by RBM e r r o r .  

The o f f - a x i s  load component caused a p o s i t i v e  r o t a t i o n  o f  t h e  specimen 
about t h e  y a x i s  and a n e g a t i v e  t r a n s l a t i o n  i n  t h e  z d i r e c t i o n .  The r o t a -  
t i o n a l  t e rm o f  r i g i d  body mot lon s u c c e s s f u l l y  canceled i n  t h e  s t r a i n  equa t ions .  
However, t h e  t r a n s l a t l o n a l  t e r m  a, d i d  n o t  always comp le te l y  cance l ,  due t o  
t h e  f i n l t e  r a t i o  o f  Lo /Ls .  The e r r o r  t e rm i n t r o d u c e d  by t h i s  t r a n s l a t i o n  
caused some o f f s e t  o f  each s t r a l n  va lue  measured, where t h e  magnitude o f  t h e  
o f f s e t  was u s u a l l y  a f u n c t i o n  o f  l oad .  Therefore,  t h e  o v e r a l l  e r r o r  i n  t h e  
r e s u l t s  I s  observed as a s c a l e  f a c t o r  t o  t h e  modulus o f  e l a s t i c i t y  t aken  f rom 
a l i n e a r  r e g r e s s i o n  o f  t h e  s t r a i n  da ta  f o r  each run.  The t r a n s l a t i o n ,  however, 
was n o t  always l i n e a r  w i t h  l oad  and c o u l d  n o t  be p r e d i c t e d  as a r u l e .  A t  t imes  
i t  i s  observed on the p l o t s  t h a t  t h e  g r e a t e s t  e r r o r  occurs a t  t h e  b e g l n n i n g  o f  
t h e  l oad  c y c l e ,  and then  becomes n e g l i g i b l e  a t  h i g h e r  loads as a maximum i n  a Z  
I s  reached. T h i s  r e s u l t  i s  v i s i b l e  i n  t h e  s t r e s s - - s t r a i n  curves t h a t  a r e  o f f s e t  
b u t  p a r a l l e l  t o  the r e s i s t a n c e  s t r a i n  gauge va lues .  

6 . 4  Recommendations 

The e f f e c t s  o f  r i g i d  body mo t ion  can be broken down i n t o  two c a t e g o r i e s :  
( 1 )  REM causing e r r o r  i n  the  s t r a i n  measurements; and ( 2 )  RBM t o t a l l y  deco r re -  
l a t i n g  t h e  speck le  p a t t e r n s ,  u s u a l l y  l e a d i n g  t o  t e r m i n a t i o n  o f  t h e  d a t a  r u n .  

( 1 )  A s  discussed I n  s e c t i o n  6 . 2 ,  t h i s  e r r o r  can be e l i m i n a t e d  by decreas- 
i n g  the  r a t i o  o f  Lo/Ls,  o r  l i m i t i n g  the  te rm a, a t  t h e  source. The r a t i o  
Lo/Ls should be decreased by another  o rde r  o f  magnltude t o  ach ieve  accep tab le  
r e s u l t s  th rough  reasonable a l ignment  e f f o r t s .  S ince  dec reas ing  Lo a l s o  
decreases t h e  s e n s l t i v l t y  o f  t h e  system, the p r e f e r r e d  c h o i c e  I s  t o  i n c r e a s e  
Ls  by e l t h e r  lengthening the  o p t i c a l  paths o r  by u s i n g  a l e n s  system t o  p o s i -  
t i o n  t h e  beam w a i s t .  

F o r  t he  case o f  a t e s t  s i t u a t i o n  where t r a n s l a t i o n s  o f  t h e  t e s t  components 
a r e  extreme and unavo’tdable, t h e  z t r a n s l a t i o n  te rm c o u l d  be measured f o r  
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v;lctb p a l r  o l  5pCKkle p a t t e r n s  rccorded arid c a l c u l a t e d  ou t  o f  t h e  speck 
equa 1.1 on. 

e s h i f t  

( 2 )  l h e  o t h e r  e f f e c t  o f  r l g l d  body mo t lon  I s  d e c o r r e l a t i o n  o f  t h e  r e f e r -  
ence and s h l f t e d  speck le p a t t e r n s .  Th ls  I s  caused p r i m a r l l y  by a p roh  b i t i v e l y  
l a r g e  component o f  s h i f t  i n  t h e  v e r t i c a l  d l r e c t i o n  ( A Y ) ,  d iscussed as p o i n t  
number 6 i n  s e c t i o n  6.2. As  Ay Increases,  t h e  amount o f  common i n f o r m a t i o n  
between t h e  r e f e r e n c e  and s h i f t e d  speck le p a t t e r n s  as recorded by t h e  photo-  
d i o d e  a r r a y  becomes l e s s  and l e s s .  A c l e a r  c o r r e l a t i o n  peak then  becomes d i f -  
f i c u l t  t o  d i s c e r n  f rom t h e  secondary peaks caused by t h e  mean s p a t i a l  f requency  
o f  t h e  power d e n s l t y  d i s t r i b u t i o n .  

I f  Ay i s  a s l o w l y  v a r y i n g  f u n c t i o n  w i t h  r e s p e c t  t o  load,  t hen  deco r re -  
l a t l o n  can be avoided by increment lng t h e  l o a d  i n  sma l l  s teps,  and u s i n g  t h e  
" r e l a t i v e  s h i f t "  t echn ique  t o  compute s t r a i n .  The sensitivity t o  Ay can 
a l s o  be decreased by p l a c i n g  a c y l i n d r i c a l  l e n s  between t h e  specimen and t h e  
l i n e a r  photodiode a r r a y .  

l h e  h l g h  temperature problems o f  t h e  system have t o  be d e a l t  w i t h  i n  a 
d i f f e r e n t  manner. A l though smal l  terms i n  Ay can be e l i m i n a t e d  w i t h  a 
c y l i n d r i c a l  l ens ,  waver ing o f  t h e  p a t t e r n s  i n  t h e  X d l r e c t i o n  would have t o  
be e f f e c t i v e l y  s t e a d y - s t a t e  d u r i n g  t h e  r e t r i e v a l  o f  each speck le  p a t t e r n  p a i r ,  
o r  e l s e  e l i m i n a t e d  a l t o g e t h e r .  Since t h e  speck les waver t o o  q u i c k l y  t o  t r e a t  
as s t e a d y - s t a t e ,  t h e  a l t e r n a t i v e  1s  t o  suppress t h e  cause. T h i s  should be done 
w i t h  b a f f l e s  i n  t h e  v i c i n l t y  o f  the heated specimen, which would b l o c k  convec- 
t i v e  a i r  f l o w  and decrease t ransve rse  thermal  g r a d i e n t s  between t h e  specimen 
and t h e  sensor. 

Another improvement o f  t h e  system would be t o  decrease t h e  c o r r e l a t i o n  
t i m e  necessary t o  c a l c u l a t e  t h e  s t r a i n .  The minimum t i m e  between s t r a i n  p o i n t s  
i s  p r e s e n t l y  about 32 sec, most o f  which i s  spent  pe r fo rm ing  t h e  c o r r e l a t i o n s  
between t h e  r e f e r e n c e  and s h i f t e d  speck le p a t t e r n s .  A l though t h i s  t i m e  i s  min-  
ima l  compared t o  pos t -p rocess ing  techniques, i t  l i m i t s  t h e  r e a l  t i m e  a p p l l c a -  
t l o n s  i n  terms o f  f requency response requi rements.  I n t e g r a t i n g  a narrower  
c ross  s e c t i o n  o f  t h e  d i o d e  a r r a y  and c o r r e l a t i n g  over  a s m a l l e r  range o f  s h i f t ,  
as w e l l  as deve lop ing  a more e f f i c l e n t  c o r r e l a t i o n  a l g o r i t h m ,  would decrease 
t h e  p rocess ing  t ime;  a hardware c o r r e l a t o r  w i t h  t h e  p roper  r e s o l u t i o n  would 
speed t h e  c a l c u l a t i o n s  y e t  f u r t h e r .  

F u r t h e r  e f f o r t s  i n  deve lop ing  t h i s  e l e c t r o n i c  speck le  s h i f t  s t r a i n  meas- 
urement system w i l l  i n c l u d e  c a p a b l l i t i e s  f o r  measur ing d l f f e r e n t  s t r a i n  axes 
w l t h o u t  changing t h e  o r i e n t a t i o n  o f  t h e  specimen. 
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I Optical equipment: 

- Argon-ion laser, Lexel model 95-4 
- Beamsteerers, Oriel model 1450 
- Beam splitter, Newport model 930-51 
- Line filter, 514.5 nm peak, Oriel model 53020 
- Filter holder, Oriel model 1265 
- Mirror, Newport model 20Z20-DM.5 
- Beam expander/collimator, Newport model LC-V-SET 
- Acousto--optic modulator, IntraAction model AOM-40 w/controller model 

- Motorized mirror mount, Oriel model 18360 w/controller model 18009 
- Translation stage, Oriel model 1620 
- Rotator, Oriel model 1641 
- Optical table, Newport model RS-58-8 w/mounting legs model XL4A-22 
- Area camera, EG&G Reticon model MC528C128x128-1 w/controller model 

- Line scan camera, EG&G Reticon model LC120-U-204B/16 w/power supply/ 

- Radiation pryometer, Ircon model 6-08C15-0-2-0-00-0/622 w/tripod model 

ME-4OT 

RS528 

data unit model RS600B 

TM- 6 

Testing machinery: 

- Stress fatlgue testing machine, fatigue dynamics model DS 6000 
- Induction heater, Lepel model T-2.5-1-KCl-BW(T) 
- Hydraulic table, Air 'lechnlcal Industries model SLI-44860-W 

Computer system: 

- Microcomputer controller, Hewlett-Packard model 9836CU 
- Dlsc/tape drive (65.7 Mbyte), Hewlett--Packard model 7912P/R 
- Data acqulsition/control unit, Hewlett-Packard model 3497A 
- Extender for the 3497A, Hewlett-Packard model 3498A 
- Bus expander, Hewlett-Packard model 9888A 
- Waveform recorder, Hewlett-Packard model 5180A 
- Programmable function generator, Hewlett-Packard model 8116A 
- Thermal printer, Hewlett-Packard model 2673A 
- Plotter, Hewlett-Packard model 7475A 
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A P P L N U l X  B 

CUSlOM ELECIHONICS 

Th is  Is a b r i e f  d e s c r i p t i o n  o f  t h e  e l e c t r o n i c s  designed and b u i l t  
in-house.  Th is  custom e l e c t r o n i c  c o n t r o l  system c o n s i s t s  o f  t h r e e  p a r t s .  Each 
p a r t  i s  implemented on a s i n g l e  PC board.  These p a r t s  a re :  

( 1 )  Custom l i n e a r  camera c o n t r o l l e r  (CLCC) 
( 2 )  Custom area camera c o n t r o l l e r  (CACC) 
( 3 )  Custom i n t e r f a c e  c o n t r o l  (CIC) 

The c o n t r o l  system rece ives  s igna ls  f r o m  a d i g i t a l  o u t p u t  ca d i n  the  d 
a c q u i s i t i o n  u n i t  (DAQ), t he  area and l i n e a r  a r r a y  cameras, and t w o  f u n c t i o n  
genera tors .  I t  sends s i g n a l s  t o  the area and l i n e a r  a r r a y  cameras, t h e  two 
f u n c t i o n  generators ,  t h e  waveform recorder ,  and t h e  a c o u s t o - o p t i c  modulators  
( f i g .  B-1). 

t a  

F i g u r e  8-2 shows t h e  t h r e e  p a r t s  o f  t h e  c o n t r o l  system w i t h  t h e  i n p u t  and 
o u t p u t  s i g n a l s  on each board. A waveform recorder  (WFR) i s  be ing  used t o  s t o r e  
t h e  d a t a  be fo re  process ing  i t  i n  the computer. The t h r e e  s i g n a l s  t h a t  d e t e r -  
mine t h e  t i m i n g  f o r  r e c o r d i n g  the data ( v i d e o  i n f o r m a t i o n )  a re :  ENABLE (WFR 
t r i g g e r ) ,  c lock ,  and da ta  i t s e l f .  Those s i g n a l s  were  synchronized a t  t h e  WFR 
i n p u t  i n  o rder  t o  sample t h e  v ideo i n  t h e  m i d d l e  o f  a p u l s e  and avo id  t r a n s i e n t  
da ta .  Also,  t o  a v o i d  co r rup ted  data, t h e  c o n t r o l s  w i l l  i g n o r e  t h e  f i r s t  v ideo 
frame a f t e r  changing s t a t e  and be ready f o r  r e c o r d i n g  a f t e r  t h a t .  
t i m i n g  diagrams f o r  t h e  area and l i n e a r  camera c o n t r o l s  a r e  shown i n  
f i g u r e s  6-3 and 6-4, r e s p e c t i v e l y .  The area camera uses i t s  own i n t e r n a l  s t a r t  
p u l s e  w h i l e  t h e  l i n e a r  camera uses an e x t e r n a l  s t a r t  p u l s e  supp l i ed  by t h e  
l i n e a r  camera c o n t r o l l e r  board. 

S i m p l i f i e d  

Custom Area Camera Con t ro l  C i r c u i t r y  

Th is  c i r c u i t  i s  r e s p o n s i b l e  f o r  p r o v i d i n g  t h e  modu la t ion  s i g n a l s  f o r  t h e  
l i n e a r  and area (expanded) l a s e r  beams, u s i n g  programmable f u n c t i o n  genera tors .  

The area camera uses i t s  i n t e r n a l  s t a r t  s i g n a l .  There fore ,  t h e  scanning 
t ime  (Tas)  i s  f i x e d  accord ing  t o  t h e  c l o c k  f requency.  The e q u a t i o n  f o r  Tas 
i s  as f o l l o w s :  

128 by 128 + 25) 
f Tas = 

where 128 by 128 i s  t h e  number o f  photodiodes i n  t h e  area a r r a y ,  25 i s  t h e  
number o f  pu lses  between the  end o f  t h e  scan and t h e  n e x t  s t a r t  pu lse ,  and f 
i s  t h e  camera c l o c k  f requency ( s e t  t o  1.02 MHz) ( r e f .  6 ) .  

A lso,  t h e  area camera c o n t r o l l e r  sends, a t  a s p e c i f i c  t ime,  t h e  ENABLE 
s i g n a l  f r o m  t h e  area camera t o  the  WFR which s to res  t h e  v ideo  ou tpu t  i n  d i g i t a l  
form. For more d e t a i l s ,  see t h e  area camera c o n t r o l  t i m i n g  d iagram ( f i g .  C ) .  
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Custom L i n e a r  Camera C o n t r o l  

l h e  CLCC c l r c u l t r y  p r o v i d e s  t h e  c o n t r o l  s i g n a l s  f o r  t h e  l e f t  and r i g h t  
acous to -op t i c  modulators .  These c o n t r o l s  a r e  ORed w i t h  t h e  l i n e a r  c o n t r o l s  
(AL ,  A R )  o f  t h e  area camera. 

The l i n e a r  camera uses an e x t e r n a l  s t a r t  s i g n a l .  T h i s  s i g n a l  i s  p r o v i d e d  
by t h e  custom c i r c u i t r y  a t  t h e  end of t h e  f u n c t i o n  g e n e r a t o r ' s  exposure p u l s e .  
Thus, t h e  scan t i m e  TLS 
w i d t h .  The minimum va lue  o f  TLS i s  g i v e n  by 

i s  e x t e r n a l l y  c o n t r o l l a b l e  by t h e  exposure p u l s e  

I 

2048 t 4) 
f Tsmin = 

where 2048 i s  t h e  number o f  photodiodes i n  t h e  a r r a y ,  4 i s  t h e  number o f  
c l o c k  pulses between t h e  s t a r t  p u l s e  and t h e  p o s i t i v e  edge o f  t h e  ENABLE s l g -  
n a l ,  and f i s  t h e  c l o c k  f requency ( r e f .  7 ) .  The maximum scan t i m e  (TLMAX) 
1 s  40 h b ,  a$'ter which, dq,rk c u r r e n t  i n  t h e  photodiodes becomes s i g n i f i c a n t .  

i s  I 

This  c i r c u i t r y  a l s o  sends t h e  ENABLE s i g n a l  o f  t h e  l i n e a r  camera t o  t h e  
WkR: which s t o r e s  the v l d e o  I n f o r m a t i o n  as d i g i t a l  da ta .  For more d e t a i l s ,  see 
t h e  L i n e a r  Camera Con t ro l  T iming Diagram ( f i g .  D ) .  

The I n t e r f a c e  C i r c u i t  

Th j s  c i r c u i t  prov ides t h e  f o l l o w i n g :  

( 1 )  A s t a r t  s i g n a l  t h a t  does n o t  t r i g g e r  t h e  f u n c t i o n  genera to r ,  y e t  keeps 
t h e  l i n e a r  camera running.  T h i s  was done t o  a v o i d  i n t r o d u c i n g  a s t a r t  s i g n a l  
each t i m e  Pr.LN goes LOW. 

( 2 )  Conversion f rom d i f f e r e n t i a l  f o r m  t o  s i n g l e  ended form, f o r  t h e  
f o l l o w i n g  s i g n a l s :  

( a )  ENABLE o f  t h e  area camera ( E N A )  
( b )  ENABLE o f  t h e  l i n e a r  camera (ENLN) 
( c )  Video s i g n a l  
( d )  Clocks f o r  b o t h  t h e  area and l i n e a r  cameras (CLA, and C L L N ) .  

( 3 )  OR f unc t l on ,  so t h a t  t h e  waveform r e c o r d e r  used e i t h e r  t h e  area o r  
l i n e d r  c l o c k  a t  one t i m e .  

( 4 )  Delay I n  the c l o c k  path,  t o  achieve t h e  sampl ing i n  t h e  m i d d l e  o f  t h e  
v ideo p u l s e .  Th is  s y n c h r o n i z a t i o n  i s  i m p o r t a n t  t o  a v o i d  t r a n s i e n t s  a t  e i t h e r  
end o f  t h e  v ideo  pulse.  

The r e s p o n s i b i l i t i e s  o f  t h i s  c i r c u i t  I n c l u d e  sending t h e  c l o c k  s i g n a l s  o f  
bo th  t h e  area and l i n e a r  cameras, and t h e  v i d e o  i n f o r m a t i o n .  

Most o f  t h e  c i r c u i t r y  uses CMOS IC's. However, some TTL components were 
used f o r  f a s t  sw i t ch lng ,  e s p e c i a l l y  i n  t h e  c l o c k  s i g n a l  p a t h s .  
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FIGURE 1. - GENERAL COORDINATE SYSTEM. 
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WHERE: P = (0,O.l) 
ps = (sin(eS).o.cos(eS)) 

FIGURE 2. - SIMPLIFIED BEAM AND SENSOR ARRANGEMENT. 
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FIGURE 3.  - TYPICAL PAIR OF REFERENCE AND SHIFTED SPECKLE PATTERNS. 
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FIGURE 4. - CORRELATION OF SPECKLE PATTERNS I N  FIGURE 3. 
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FIGURE 5. - OPTICAL SETUP AND TEST EQUIPMENT. 
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FIGURE 6. - BLOCK DIAGRAM OF THE CONTROL/DATA ACQUISITION SYSTEM. 
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FIGURE 7. - OPTICAL SYSTEM 

FIGURE 8. - ANALOG CONTROL RACK. 
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F l G U K t  9. - rE>T  SYSTEN. 

FIGLRt 10. - I!i- i i l A i i R .  
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FIGURE 11. - SPECIMEN NUMBER 1. 
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FIGURE 12. - SPECIMEN NUMBER 2. 
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O5SGINFi.L PAGE IS 
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FIGURE 13. - CONTROL STATION (COMPUTER EQUIPMENT). 
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FIGURE 14. - COMPARISON OF OPTICAL GAUGE WITH RESISTANCE GAUGE AT ROOM TEMPERATURE. 

32 



5 

OPTICAL GAUGES 
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FIGURE 15. - CWARISON OF THE 'ABSOLUTE' SHIFT PETHOD WITH THE 'INCREPENTAL' SHIFT 
ETHOD, AT ROOn TEWERATURE. 
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(B) RESISTANCE GAUGE. 

FIGURE 16. - HYSTERESES OF THE OPTICAL AND RESISTANCE GAUGES. 
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FIGURE 17. - OPTICAL GAUGE DATA AT 450 'C. 
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FIGURE 18. - OPTICAL EASUREENTS OF THERNAL STRAIN. THE STRAIGHT LINE INDICATES THE 
HAWDBOOK COEFFICIENT OF T H E W  EXPANSION. 
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NOTES: 
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C: CONTROL 
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FIGURE B-1. - ELECTRICAL SYSTEM BLOCK DIAGRAM. 
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FIGURE B-2. - CONTROL SYSTEM BLOCK DIAGRAM (CONTROL BOX). 
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m: 
1 - TAS = TASE + TASN 
2 - TAX I S  CONTROLLABLE AND TASN IS FIXED 

3 - EN - 128x128  
f 

I 
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FIGURE B-3. - AREA CAERA CONTROL TINING DIAGRAY. 
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FIGURE B-4. - LINEAR CAERA CONTROL TIMING DIAGRAM. 
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